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ABSTRACT
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Compared to traditional wastewater treatment technologies, the electricity generation is
one of the most important advantages of bioelectrochemical systems (BES). However,
due to its high cost and low energy production, BES technologies are still far away from
feasible application. The main purpose of this work was to investigate ways to improve
the electricity generation and reduce the cost of BES technologies. We focused on
microbial fuel cells (MFCs) and microbial electrolysis cells (MECs) as two representative
BES technologies. In order to improve the energy performance of MFCs, an accurate
evaluation of the energy is necessary. However, the common evaluation methods of the
energy performance in most MFC related studies prevent the meaningful comparison
between different MFCs, and hence impede the further development of MFC
technologies. So this study developed a new parameter, normalized energy recovery, to
evaluate the energy performance of MFCs. Electrode materials are the main expense for
the construction of BES and they have a significant effect on the performance of BES.
Crumpled graphene and carbon/iron-based nanorod catalyst are relatively low-cost
materials, so were applied in BES to improve their performance. Also, a novel system,
integrated photo-bioelectrochemical (IPB) system, was developed to integrate algal
ii

technology and MFCs. The IPB system can efficiently remove the organics and nutrients
in the wastewater and produce electricity and biomass.
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1 Introduction
1.1 Energy issues
With global industrialization and rising population, the demand for energy is increasing
rapidly. The International Energy Agency (IEA) forecast that global energy consumption
by 2030 would be increased by another 60% compared to 2001 [1]. Although huge
energy sources are on exploitation, the energy use per capita started decreasing since
2010 but the price of energy is still increasing all the time (Figure 1). Figure 2 shows that
fossil fuels are still the main energy sources today, but these sources are not sustainable,
as the formation of fossil fuels takes millions of years while the energy demand in
industry and people’s daily life increases exponentially. In the 20th century, global
population quadrupled and our energy demand went up 16 times [2]. The exponential
energy consumption is exhausting our fossil fuel supply at an alarming rate. So renewable
energy sources, such as sunlight, wind, and geothermal heat, attract people’s attention
since they can be continually replenished. But only 9% of current global energy
consumption comes from renewable sources including hydroelectric power, wood,
biofuels, wind, waste, geothermal and solar energy (Figure 2). Energy Information
Administration (EIA) predicted that about half of the global energy demand could be met
by renewable sources by the year 2050 [3]. Among the renewable sources, organics in the
wastewater treated by bioelectrochemical systems (BES) could be an important one. The
BESs are unique systems capable of converting the chemical energy of organic waste into
other forms of energy, such as electrical energy in microbial fuel cells (MFCs) and
hydrogen energy in microbial electrolysis cells (MECs) [4].
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Figure 1. Energy use per capita and per dollar of gross domestic product, 1980-2040
(index, 1980 = 1) [5].

Figure 2. Primary energy production by sources [5].
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1.2 Microbial fuel cells
Wastewater contains a high content of organic matter and nutrients, which can be used as
sources of energy to offset the energy consumption in wastewater treatment. Therefore,
as a type of BES technology, microbial fuel cells (MFCs), which convert the energy
stored in the chemical bonds of organic compounds to electrical energy, has raised great
interest of research in related fields in recent years [6]. MFCs usually use bacteria as
biocatalysts to degrade organic matter and facilitate the electron transfer. In 1911, Potter
observed the current produced by the bacteria, which opened the door to the studies of
microbial fuel cells [7]. In the late 1990s, Kim and coworkers demonstrated that bacteria
could be used in a biofuel cell as a method of determining the concentration of lactate in
water [8], and then electricity generation in an MFC could be sustained by using some
industrial wastewater [9]. From then on, MFC was not only a novel technology to
produce electricity, but also a feasible method to treat wastewater.

1.2.1 Principle of MFCs
A schematic diagram of an MFC system is shown in Figure 3. Two chambers (anode
chamber shown as a pink box and cathode chamber shown as a blue box in Figure 3) are
separated by a membrane (cation exchange membrane, CEM or anion exchange
membrane, AEM, shown as a yellow line in Figure 3). The two electrodes (anode
electrode and cathode electrode, shown as black bars in Figure 3) are connected by a wire
containing a load (e.g., a resistor).
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Figure 3. A schematic diagram of an MFC (pink box: anode chamber; blue box: cathode
chamber; yellow line: membrane; black bars: electrodes)
In the anode chamber, bacteria oxidize the organic matter and transfer the electrons to the
anode electrode (see half reaction (1)). Then the electrons go through the outside circuit
to the cathode electrode and are accepted by an electron acceptor (e.g. O 2 or Fe(III)) in
the cathode chamber (half reaction (2)) to generate current. The electron transport is
driven by the difference in the redox potential between the aerobic cathode reaction and
the anaerobic anode reaction. Under the standard condition, the maximum voltage of an
MFC is about 1.2 V.
Anode: Organics → CO2 + H+ + e-

(1)

Cathode: O2 + H+ + e- → H2O

(2)

5

1.2.2 The expression for the performance of MFCs
The first observation one makes about the electricity production from MFCs is the
voltage, which can be measured by a voltage meter. The working voltage of an MFC is
commonly 0.3-0.8V, varied by the external resistance (R) [10]. Current is another
important parameter in any electricity generation device. For an MFC, current can be
calculated from voltage and external resistance (Table 1). The amount of energy
extracted from wastewater by an MFC is also an essential consideration for its
performance, which can be expressed by Coulombic efficiency (CE) and Coulombic
recovery (CR). The Coulombic efficiency is calculated as the ratio of total amount of
coulombs actually produced and the coulombs contained in the removed organics, while
the Coulombic recovery is calculated as the ratio of total amount of coulombs actually
produced and the total coulombs contained in feeding organics. The actually transferred
coulombs can be determined by integrating the current over time. The total coulombs
contained in removed/feeding organics can be calculated as the theoretical coulombs of
transferred electrons if all removed/feeding organics participate in the half reaction (2)
(see explicit expressions in Table 1).
The energy performance of MFCs is usually expressed as power, which can be calculated
by multiplying current and voltage. In order to compare MFCs of different configurations
and sizes, power density is often shown in the MFC related studies instead of power. The
power density is widely used in electrical sources studies, such as fuel cells, and can be
calculated from power divided by the surface area of the electrode or the volume of the
cell. However, an MFC is not only an electricity generation device but also a wastewater
treatment unit. So energy density based on the volume of treated wastewater or removed
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organics is also an important parameter to evaluate the energy performance of MFCs and
we call it normalized energy recovery (Table 1). Other commonly used parameters for
wastewater treatment plants are also important in MFCs studies, such as hydraulic
retention time, organic loading rate, etc. The main parameters for evaluating the
performance of MFCs are listed in Table 1.
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Table 1. Parameters for evaluating performance of MFCs
Parameters

Units

Electrode potential

V

Voltage
Open circuit voltage
Current

V
V
A

Calculation/measurement
Φ, measured between electrode and
reference electrode
U, measured between two ends of the
applied external resistance
OCV, voltage at infinite resistance
I=U/R, R is external resistance

Power

W

P=I2R or P=IU

Current density

A/m2

Current density

A/m

3

Power density

W/m2

Power density

3

W/m

Coulombic
efficiency

%

Coulombic recovery

%

Internal resistance
Normalized energy
recovery
Normalized energy
recovery
Hydraulic retention
time
Organic Loading
rate
Organic removal
rate
Organic removal
efficiency

Ω

IA=I/A, A is projected electrode surface area
IV=I/V, V is the volume of the cell
PA=P/A
PV=P/V
CE=(I×t)/(96485×△COD×4), t is time,
△COD is the amount of removed organics
in moles expressed in chemical oxygen
demand (COD)
CR=(I×t)/(96485×COD×4), COD is the
amount of total feeding organics in moles
expressed in COD
Ri, calculated from Pmax=OCV2R/(Ri+R)2,
Pmax is maximum power

kWh/m3
kWh/kg
COD

NERV=P/Q, Q is wastewater flow rate

hour

HRT=V/Q

kg/m3/day

OLR=COD×Q/V

kg/m3/day

ORR=△COD×Q/V

%

ORE=(1-△COD/COD)×100

NERS=P/(△COD×Q)
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1.2.3 Materials used in MFCs
A typical MFC consists of three main physical components including an anode electrode,
a cathode electrode and a separator (note that in membrane-less MFCs the separator is
taken out for reducing the internal resistance and construction cost [11]). Therefore, in
order to improve the performance of MFCs, large amount of efforts were made to explore
more effective materials for MFCs. Some commonly used materials are listed in Table 2.
Table 2. Some common materials used in MFCs
Electrode

Catalyst

Separator

Graphite plate/rod

Pt

Cation exchange membrane

Graphite fiber

Co/FeCoTMPP

Anion exchange membrane

Carbon brush

Fe/FeCu/CoPc

Nafion membrane

Carbon paper

Co/Fe/NCNT

Microfiltration membrane

Carbon cloth

MnOx

Ultrafiltration membrane

CNTs

Co-OMS-2

Bipolar membrane

Stainless steel

Ruile

J-Cloth

Anode electrode materials must be conductive, biocompatible and chemically stable in
the reactor solution [12]. And materials with high surface area are preferred for anode
electrodes, which are good for the attachment of bacteria. Therefore, carbon based
materials are popular for anode electrodes, such as carbon paper, graphite rod and carbon
brush [12]. The simplest anode materials are graphite plates or rods, which are cheap,
easy to handle and have a well-defined surface area. Much higher surface area is
achieved by using carbon brush, which is made from carbon fibers. The surface area is
estimated to be 18200 m2/m3-brush volume for the small carbon brush, and 7170 m2/m3-
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brush volume for the large carbon brush [13]. With the development of nanotechnologies,
some unique and excellent properties of some nano-materials have received great interest
in applying on anode electrode. For example, Qiao and coworkers evaluated a carbon
nanotube (CNT)/polyaniline (PANI) composite as the anode material for high power
MFCs and they also synthesized a nanostructured polyaniline (PANI)/mesoporous TiO2
composite as the anode in Escherichia coli MFCs [14][15].
Basically, the anode materials can also be applied as cathode materials. However,
depending on the cathode reaction, there are different requirements for cathode electrodes.
For example, electrodes with catalytic activity are required to reduce the over potential of
the oxygen reduction, while electrodes with high surface area and good biocompatibility
are required for biocathode reactions. The most commonly used catalyst for cathode
electrodes is Pt, which is very expensive. To reduce the cost of MFCs, a large number of
catalysts

are

used

to

replace

Pt,

such

as

manganese

oxides,

metal

tetramethoxyphenylpophyrin (CoTMPP and FeCoTMPP) and metal phthalocyanine
(FePc, CoPc and FeCuPc) [16][17].
Except membrane-less MFCs and sediment MFCs, the separator is also an important
material in most MFCs. Currently, cation/anion exchange membranes (CEM/AEM) are
widely used in MFCs. These membranes are used to separate the anode and cathode
chambers, as well as to selectively transfer ions between anode and cathode chambers. In
order to increase the efficiency, some special membranes are introduced to MFC
technology. Heijne et al. applied a bipolar membrane in a flat plate MFC in 2006 [18]. In
contrast to the CEM/AEM which can only transfer cation or anion ions, the bipolar
membrane consists of cation and anion exchange sections jointed together [18]. Forward
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osmosis (FO) membrane is a semi-permeable membrane used to induce flow from highwater potential part to low-water potential part. In 2011, Zhang et al. developed an
osmotic MFC with an FO membrane as a separator for wastewater treatment and water
extraction [19].

1.2.4 Configurations of MFCs
A lot of different configurations have been developed for MFCs. A basic and widely used
design is an “H” type MFC (Figure 4A). It is built with two glass bottles jointed by an ion
exchange membrane such as CEM, AEM or Nafion. It is easy to set up, operate and
control, so it is a good choice to do some fundamental researches on MFCs, such as
examining power production using new materials, testing the effect of different cultures
on the anode and so on. However, because of the tube between the two glass bottles, the
distance between the electrodes is long and the membrane area is small. So the efficiency
of “H” type MFC is not very high.
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Figure 4. Several configurations of microbial fuel cells in our lab (A: “H” type MFC; B:
plat MFC; C: tubular MFC; D: single chamber; E: sediment MFC)
In order to improve the efficiency, two chambers directly connected by a membrane
without the tube can form a flat MFC (Figure 4B). In this case, the distance between two
electrodes becomes much shorter and the membrane area is larger than that in the “H”
type MFC. Another commonly used configuration is tubular MFC (Figure 4C). It is
constructed based on a CEM or AEM tube with a certain diameter and height. One can
also add a PVC tube to support the membrane tube. Usually the inside of the tube is the
anode chamber and the outside is the cathode. It has very high membrane area and is
easily scaled up.
There are two configurations that do not have membrane, single chamber MFC (Figure
4D) and sediment MFC (Figure 4E). For the single chamber MFC, the anode chamber is
separated from the air-cathode chamber by a gas diffusion layer allowing for a passive
oxygen transfer to the cathode. Without the membrane, the ion transfer becomes easy, so
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the internal resistance of single chamber MFC is much lower than that of a two-chamber
MFC with a membrane. However, with the time of operation, the cathode electrode is
gradually contaminated by the anode bacteria and the activity of catalysts on the cathode
electrode declines. So the performance could be diminished with time. Sediment MFC
can be easily used in the river and lake. There are two layers in a sediment MFC, a solid
layer (sludge) as anode and a liquid layer as cathode. It is almost the simplest MFC and
can provide electricity to power some sensors under the water.

1.2.5 Factors on the performance of MFCs
There are a lot of factors affecting the performance of MFCs. One of the most important
facts is the reactor design, including configurations, size and materials. The first thing in
designing an MFC is choosing a suitable configuration based on your requirements and
environmental conditions. Several commonly used configurations of MFCs are described
in section 1.2.4. For example, “H” type MFC is good for fundamental research while
tubular MFC is suitable for scaling up, and if you want to set an MFC in the lake to
provide electricity for some sensors in the bottom of the lake, sediment MFC is a good
choice. Size is also a very important factor for MFCs. Large surface area electrodes
usually improve the rate of the electrode reaction. Large membrane area is good for ion
transfer. But the larger size MFCs always produce less power density. The distance
between anode and cathode electrodes also affects the ion transfer, and the shorter
distance leads to lower internal resistance and produce more electricity. Materials also
have large influence on the performance of MFCs, which are described in section 1.2.3.

13

For example, an MFC with carbon fiber brush as anode electrode produced over two
times as much power density as an MFC with carbon paper in one study by Logan and
coworkers[13].
Another set of factors is operational parameters including wastewater properties, flow
rate and external resistance. The properties of wastewater include substrate type and
concentrations of nutrients, pH, temperature and conductivity. Except the substrate type,
the wastewater can be pretreated to achieve an optimal set of properties for the operation
of MFCs.
Substrates are food sources for the microbial communities in the anode, and electron
sources for electricity generation in MFCs. So substrate is an important factor in the
performance of MFCs. Acetate is a simple substrate, which is widely used as carbon
source in MFCs because of its inertness towards alternative microbial conversions
(fermentations and methanogenesis) at room temperature [20]. Glucose, as the simplest
fermentative substrate, is another common substrate used in MFCs. Some special wastes,
such as dye, corn stover, and farm manure, have also been applied in MFCs [20].
Compared to complex substrates, such as domestic wastewater, MFCs with pure and
simple substrates usually show significantly higher performance [21]. The different
substrate concentrations can also lead to different power generation and Coulombic
efficiency.
Temperature and pH are the two most important factors for the activity of bacteria and
the potential of the reaction happening on the electrodes. A neutral pH is preferred by
anode bacteria, while low pH can increase the rate of the cathode reaction [22]. Different
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bacteria require different temperatures: thermophilic bacteria can live in MFCs at a
temperature around 55 ºC [23]. For bacteria commonly used in MFCs, the optimum
temperature range is 30-37 ºC [24]. However, higher temperature means more energy
input, and lower temperature sometimes does not affect the energy performance much;
Liu et al. found that decreasing the temperature from 32 to 20 ºC only reduced the power
output of an MFC by 9% [24]. So with the consideration of the expense, room
temperature (around 20 ºC) is widely used in MFC related works. High conductivity,
usually achieved by increasing the ionic strength of the solution, can decrease the internal
resistance of an MFC and improve the ion transfer. Power density was increased from
720 to 1330 mW/m2 by increasing the solution ionic strength from 100 to 400 mM [24].
But additional cost is associated with adding salt into the wastewater to increase the
conductivity and removing salt in the post-treatment to get clean water.
Flow rate determines the hydraulic retention time (HRT) of the MFCs when the reactor
cell is fixed. At the same time, the flow rate also affects the organic loading rate of MFCs.
The high flow rate leads to a low HRT but a high organic loading rate. The high flow rate
provides more substrates for MFCs and a better mixing condition of wastewater. Moon et
al. studied the effect of the flow rate on the performance of MFCs and found that the
power density was increased as the flow rate was increased up to 0.65 ml/min [25]. When
the flow rate was increased to 1 ml/min, the MFCs showed lower power density than at
0.65 ml/min [25]. The poor performance of MFCs at the high flow rate may be due to the
faster growth of the fermentative bacteria than of the electrochemically active bacteria
acidifying the anode [25].
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External resistance is also an important factor in the electricity generation by MFCs. The
highest voltage is obtained at the infinite resistance, which is called open circuit voltage.
A low external resistance leads to a low voltage but high current, which results in a high
electrode reaction rate. When the external resistance equals to the internal resistance,
MFCs produce the maximum power. So depending on the function of MFCs, different
external resistances need to be chosen. For example, the low external resistance is applied
on the MFCs used for hydrogen production or desalination, which requires high current.

1.3 Microbial electrolysis cells
In about one hundred years of BES development, a lot of functions were found beyond
producing electricity and consuming organic matter in wastewater, such as desalination,
softening water and hydrogen production. Microbial electrolysis cell (MEC), whose final
product is hydrogen gas, is one of many well-known BES technologies (Figure 5).
ee-
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H2

CO2

H+
Organics

H+

Figure 5. Schematic diagram of a microbial electrolysis cell (pink box: anode chamber;
blue box: cathode chamber; yellow line: membrane; black bars: electrodes)
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Whilst MFCs produce an electric current from the microbial decomposition of organic
compounds, MECs partially reverse the process to generate hydrogen or methane from
organics by applying an external power supply. Because of the electric potential supplied
by the anode reaction, MECs require an additional voltage as low as 0.2 V from external
sources to reduce protons to hydrogen gas, which is a significant advantage compared to
hydrogen production via water electrolysis [26]. MECs offer opportunities to recover
hydrogen as an energy carrier from biomass and wastewater; in particular, MECs can use
fermenting products from biohydrogen-producing processes and thus maximize hydrogen
production if linked to biohydrogen production.

1.4 Objectives of the thesis
The main objective of this thesis was to research ways to improve energy performance of
bioelectrochemical systems (BES). The specific objectives were: (1) develop a new
concept/parameter to evaluate the energy performance of MFCs; (2) modify electrodes of
BES with novel nano-materials; (3) design a new type of BES by integrating algal
bioreactors and MFCs.
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2 Evaluation of normalized energy recovery (NER) in
tubular microbial fuel cells
(This section is under review for publication in Journal of Power Sources)

2.1 Introduction
Microbial fuel cells (MFCs), which combine wastewater treatment and energy recovery
in a single system, hold a great promise to become an energy-efficient technology for
sustainable wastewater treatment [27]. The direct electricity generation with aid of
microbial respiration of an electrode in an MFC has some advantages over conventional
energy-recovering technologies such as anaerobic digestion. Thus, there have been
intensive studies of MFCs in the aspects of microbiology, electrochemistry, materials of
electrodes and membranes, and system development and operation in the past decade
[28]. The performance of “electricity generation” in an MFC is usually described by the
data of voltage, current and power. With incorporating the factors of electrode surface
area or reactor liquid volume, current and power is also presented in densities (e.g., A m-3
and W m-3). Significant efforts have been made to improve the maximum power density
in MFCs. Although energy information was mentioned in some prior publications and
energy efficiency has been defined before [29][30], there has been a lack of proper
presentation of energy data in most MFC studies [31]. Energy, which is often shown in
joule (J) or kilowatt hour (kWh), is a key parameter to evaluate the performance of the
MFCs that are designed focusing on energy recovery. Reporting energy data will also
facilitate communication between MFC researchers and wastewater industries; the latter
usually use kWh or kWh m-3 to evaluate energy consumption by wastewater treatment
[32].
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To help with presenting energy data in MFCs, a new parameter - normalized energy
recovery (NER) was recently proposed [21]. NER is expressed in two units: NERV in
kWh m-3, based on the volume of the treated wastewater in an MFC (or power divided by
wastewater flow rate, Eq. 1), and NERS in kWh kgCOD-1, based on the amount of
organic substrates (measured as chemical oxygen demand, COD) removed in an MFC (or
power divided by removed COD and wastewater flowrate, Eq. 2). Compared with power
density, NER excludes the factor of the reactor size and involves the information of
wastewater flow rate and organic removal efficiency, which may make NER more
suitable for cross-wise comparison between different MFCs designed for wastewater
treatment. Moreover, presenting NER data will also help to establish an energy balance in
MFCs, which can reveal the gap of both knowledge and development for MFCs to be an
energy-neutral or -positive treatment technology. Therefore, the use of NER will provide
an effective approach to quantitatively understand the energy performance of MFCs.

NERV 

Power
Wastewater flowrate

(Eq.1)

NERS 

Power
RemovedCOD Wastewater flowrate


(Eq.2)

A recent review paper has examined energy data (expressed in NER) from the MFC
publications appeared in the past twelve years, and its analyses had some interesting
indication [21]. For example, the MFCs generally recover a low NER (< 1.0 kWh m-3 or
1.0 kWh kgCOD-1) with a few exceptions of higher NER values. Although the maximum
power densities seem to decrease with increasing reactor size, there was no significant
difference in NER among the analyzed MFC studies. The MFC fed with acetate recover
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more energy than those with more complicated substrates, and no significant difference
in the NERV was observed between the MFCs fed with different acetate concentrations,
while the NERS from the low-strength substrate (acetate < 500 mg L-1) is higher than that
with acetate > 500 mg L-1. However, those findings are indications rather than
conclusions, because it is hard to draw any firm conclusions based on the NER data from
various MFC studies with significant difference in reactor configurations/operation,
electrode/membrane materials, substrates and microbiology. There is need for welldesigned experiments to verify some of those findings and to help us better understand
the energy performance of MFCs.
In this study, we have evaluated energy recovery in tubular MFCs with different reactor
dimensions or substrates. The tubular configuration was chosen because it has been well
investigated before and much information on system operation has been obtained
[33][34]. We think that tubular MFCs have potential to be further scaled up; the first
MFC pilot used tubular configuration [28], and our ongoing project on MFC scaling up
also adopted tubular reactors. Thus, evaluation of energy recovery in tubular MFCs will
be of great interest to its further development. All MFCs in this study were continuously
operated, and both power densities and NER data were analyzed. This work presents the
first systematic investigation of energy performance (in the unit of NER) in MFCs.
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2.2 Materials and methods
Tubular MFC setup
Multiple tubular MFCs with different dimensions (shown in Table 3) were constructed
similarly to our previous MFCs [34]. Cation exchange membrane (CEM, Ultrex
CMI7000, Membranes International, Inc., Glen Rock, NJ, USA) was used to make a tube
containing a polyvinyl chloride (PVC) tube as an interior supporter. Carbon brush
(Gordon Brush Mfg. Co., Inc., Commerce, CA, USA) was used as the anode electrode;
before use, the carbon brush was pretreated by being immersed in acetone overnight and
then heated at 450 °C for 30 min. The cathode electrode was a layer of carbon cloth
coated with activated carbon (AC, as the cathode catalyst) wrapping the CEM tube. To
coat the catalysts on the cathode electrode, AC powder was mixed with
polytetrafluoroethylene (PTFE) solution and then applied to the surface of carbon cloth
by using a brush to achieve a final loading rate of ~5 mg AC cm-2; the coated carbon
cloth was heated at 370 °C for 30 min. The anode and cathode electrodes were connected
by copper wires to an external circuit across a resistance box.
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Table 3. Experimental conditions of four groups of the tubular MFCs used in this study.
Vanode is the anode liquid volume, CODin is the influent COD concentration, HRT is
hydraulic retention time, and CODLoading is the COD loading rate.
MFC Configuration

A
1 B
C
A
2 B
C
A
3 B
C
A
4 B
C

MFC Operation

Diameter
(cm)

Length
(cm)

Vanode
(mL)

CODin
(mg L-1)

3.81
5.08
7.62
3.81
3.81
3.81
3.81
3.81
3.81
3.81
3.81
3.81

20
20
20
10
20
100
20
20
20
20
20
20

400
700
1700
180
400
1800
400
400
400
400
400
400

390
390
390
390
390
390
195
390
2341
195
192
192

Stage I
Substrate
Acetate
Acetate
Acetate
Acetate
Acetate
Acetate
Acetate
Acetate
Acetate
Acetate
Glucose
Waste
water

HRT
(h)
13.3
23.3
56.7
6
13.3
60
13.3
13.3
13.3
13.3
13.3
13.3

CODLoading
(kg m-3 d-1)
0.70
0.40
0.16
1.56
0.70
0.15
0.35
0.70
4.21
0.35
0.35
0.35

Stage II
HRT
(h)
13.3
13.3
13.3
13.0
13.3
13.3
N/A
N/A
N/A
N/A
N/A
N/A

CODLoading
(kg m-3 d-1)
0.70
0.71
0.70
0.72
0.70
0.70
N/A
N/A
N/A
N/A
N/A
N/A

Operating conditions
Four groups of MFCs (shown in Table 3) were operated in a continuously-fed mode at a
room temperature (~ 20 ℃). The anode compartments were inoculated with the anaerobic
sludge from a municipal wastewater treatment plant (South Shore, Milwaukee, WI).
Except an MFC in the group 4 that used the actual wastewater (primary effluent from
South Shore Water Reclamation Facility), the anode feeding solution in other MFCs was
prepared as (per L of DI water): NH4Cl, 0.15 g; NaCl, 0.5 g; MgSO4, 0.015 g; CaCl2,
0.02 g; NaHCO3, 0.1 g; KH2PO4, 0.53 g; K2HPO4, 1.07 g; trace elements, 1 mL [35]; and
acetate or glucose with a designated concentration as shown in Table 1. All four groups
of MFCs were operated with the same anolyte flow rate of 0.5 mL min-1 in the stage I,
resulting in different hydraulic retention time (HRT) in the different-size MFCs. Both
group 1 and 2 were continued to the stage II, in which the anolyte flow rate was adjusted
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to achieve the same HRT of 13.3 h in all MFCs. The anolyte was recirculated at a rate of
100 mL min-1 in all MFCs. The cathode compartments were filled with 25-mM phosphate
buffer solution (PBS, containing 1.3 g L-1 KH2PO4 and 2.7 g L-1 K2HPO4) and aerated
with air. When the pH of the catholyte increased above 10, 50% of the catholyte was
replaced with fresh PBS.

Measurement and analysis
The MFC voltage was recorded every 5 minutes by a digital multimeter (2700, Keithley
Instruments, Inc., Cleveland, OH, USA). The polarization test was performed by varying
external resistance. The concentration of chemical oxygen demand (COD) was analyzed
by a DR/890 colorimeter (Hach Company, Loveland, CO, USA). The pH was measured
by using a bench-top pH meter (Oakton Instrument Co., Ltd., USA). Power density (W
m-3) and current density (A m-3) were calculated based on the liquid volume of the anode
compartment. The NERV (kWh m-3) was calculated based on the volume of treated water,
and NERS (kWh kgCOD-1) was calculated based on the mass of removed COD. Energy
data were statistically analyzed for comparison by using two-sample t-test.
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2.3 Results and discussion
Energy recovery in tubular MFCs with different dimensions
Reactor size and dimension is a key parameter in MFC design and development.
Diameter and length are two critical factors in determining the size of a tubular MFC.
Thus, we investigated the NER in the tubular MFCs with different diameters or lengths
(to achieve different sizes).
(1) Tubular MFCs with different diameters
The MFCs in the Group 1 had the same length of 20 cm but different diameters varying
from 3.81 cm to 7.62 cm, resulting in different anode liquid volumes (Table 3). Figure 6
shows the power or energy curves along increasing current densities in the stage I in
which all MFCs received the same amount of the anolyte (at the same flow rate of 0.5 mL
min-1). We observed that the maximum current density and the maximum power density
decreased with increasing the MFC’s diameter (and thus the anode liquid volume); it
should be noted that those two parameters were calculated based on the anode liquid
volume, and thus a smaller volume could result in a higher density. However, the energy
data showed that the MFC with the largest diameter (7.62 cm) produced a higher
maximum NERV, compared with the MFC with smaller diameters, and there was no
significant difference in the maximum NERS among these three MFCs (Figure 8A). The
power and energy curves in the stage II (Figure 7) show some difference from the stage I.
When the anolyte flow rate was adjusted to achieve the similar HRTs for the three MFCs
in the stage II, the smaller MFCs generated higher maximum power densities than the
7.62-cm MFC, and there was no significant difference in the maximum power density
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between the 3.81-cm and the 5.08-cm MFCs (Figure 8B). Likewise, the results of the
maximum NER exhibited similar trends like the maximum power densities. In more
details, the 7.62-cm MFC produced the lowest maximum NERV (0.021±0.001 kWh m-3)
and the lowest maximum NERS (0.089±0.001 kWh kgCOD-1), while the other two MFCs
recovered 0.048±0.001 kWh m-3/0.181±0.002 kWh kgCOD-1 and 0.048±0.001 kWh m3

/0.187±0.006 kWh kgCOD-1, respectively.

Figure 6. Variation of power or energy data along current density in the MFCs with
different diameters at the same anolyte flowrate: (A) power curves; (B) NERV; and (C)
NERS.
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Figure 7. Variation of power or energy data vs. current density in the MFCs with
different diameters at the same anolyte HRT: (A) power curves; (B) NERV; and (C)
NERS.
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Figure 8. Comparaison of the maximum power density (PD) or the maximum NER in the
MFCs with different diameters: (A) at the same anolyte flowrate; and (B) at the same
anolyte HRT.

The above results confirmed that, although small MFCs generally produce a higher
maximum power density, they do not always have advantages in energy recovery
compared with larger-scale MFCs. This encourages further scaling up of MFC system.
With the same anolyte flow rate, the three MFCs with different diameters (and thus
different sizes) were treating the same amount of synthetic solution within the same time
period. As a result, a larger MFC would allow a longer HRT and thus a lower organic
loading rate, resulting in better treatment and energy recovery. The effects of HRT and
organic loading rate on energy recovery were also demonstrated when the HRT (as well
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as organic loading rate) was adjusted to be similar among the three MFCs in the stage II:
the 7.62-cm MFC with a shorter HRT and a higher organic loading rate exhibited lower
energy recovery. It should be noted that, at the same HRT, the smaller MFCs would treat
much less wastewater than the larger MFCs. Those results indicate that the treatment
capacity should be considered when evaluating the MFC performance, because the
primary function of an MFC is thought to be wastewater treatment. The objective of this
study was to examine the effect of MFC dimensions on energy recovery, rather than
identifying the optimal dimensions (e.g., optimal diameter for a tubular MFC). The 7.62cm diameter would not be an optimal diameter, because of its worse performance at a
higher organic loading rate, possibly due to a larger distance between the anode and the
cathode electrodes. The 5.08-cm diameter seems to be better in terms of energy recovery
and has been used in our other ongoing research of tubular MFCs, but an optimal
diameter requires further investigation.

(2) Tubular MFCs with different lengths
The effect of MFC size on energy recovery was further investigated in the MFCs with the
same diameter of 3.81 cm but different lengths varying from 10 to 100 cm, thereby
resulting in different anode liquid volumes (Group 2 in Table 3). Similar to the Group 1,
the Group 2 MFCs were also operated in two stages with the same anolyte flow rate or
the same HRT (or organic loading rate). The performance of the maximum power density
still follows the similar trend as the Group 1: with the same anolyte flow rate, the
smallest MFC produced the highest maximum power density (4.65±0.02 W m-3), which
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was 1.3 times of that from the 20-cm MFC or 2.6 times of the maximum power density in
the 100-cm MFC; while at the same HRT, the maximum power density from the 10-cm
MFC was 4.80±0.16 W m-3, about 1.3 or 1.9 times of that from the 20-cm MFC or the
100-cm MFC (Figure 9). The maximum NER increased with the increasing lengths in the
stage I, while showed the opposite trend in the stage II. In the stage I, the longest MFC
produced the highest maximum NERV of 0.108±0.001 kWh m-3 and the highest
maximum NERS of 0.317±0.003 kWh kgCOD-1; in the stage II, the shortest MFC
generated the highest maximum NERV of 0.063±0.002 kWh m-3 and the highest
maximum NERS of 0.236±0.005 kWh kgCOD-1.
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Figure 9. Comparaison of the maximum power density (PD) or the maximum NER in the
MFCs with different lengths: (A) at the same anolyte flowrate; and (B) at the same
anolyte HRT.

The results obtained from the Group 2 MFCs confirm that increasing MFC size does not
necessarily decreases energy recovery, and HRT/organic loading rate obviously affects
energy recovery. Similarly to the Group 1, a larger MFC (or a longer MFC) in the Group
2 enabled a longer HRT of the anolyte at the same feeding rate, resulting in better energy
recovery. With the same HRT, the longer MFC could have a larger internal resistance due
to more electrode/membrane materials used, which may lead to lower energy recovery.
Again, the different-size MFCs treated different amount of the anolyte at the same HRT,
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and a tradeoff between treatment capacity and energy recovery will need to be considered
in the future design of MFC system.
When we put the Group 1C and the Group 2C MFCs together, we obtained two MFCs
with similar size (1700 vs. 1800 mL) but totally different dimensions (diameters and
lengths). The Group 2C MFC outcompeted the Group1C MFC in both power density and
energy recovery, and the difference between the two is significant. For example, at the
same flow rate of the anolyte, the maximum NER of the Group 2C MFC was
0.108±0.001 kWh m-3 or 0.317±0.003 kWh kg COD-1, much higher than that of the
Group 1C MFC (0.064±0.001 kWh m-3 or 0.191±0.003 kWh kg COD-1). Although the
slightly longer HRT in the Group 2C MFC would contribute to its better performance, the
difference may also indicate that increasing the distance between the electrodes could
change some key factors (most likely the internal resistance) that affect the MFC
performance more significantly than extending the reactor length. This implies that to
design a tubular MFC, it may be more important to control its diameter (to below a
certain value) than its length, and the tubular MFCs can be further scaled up by extending
its length, instead of enlarging its diameter.

Effects of substrates on energy recovery
The Group 3 and 4 MFCs were used to investigate the effects of substrate concentrations
and types on energy recovery. In the Group 3, three concentrations (expressed in COD
with acetate as an organic source), 195, 390 and 2341 mg L-1, were chosen, and the
anolyte was fed into the MFCs with the same dimensions and HRTs (Table 3). The MFC
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fed with 390 mg L-1 produced the highest maximum power density (13.99±0.21 W m-3);
while in energy recovery, the 390-mg L-1 MFC still had the highest maximum NERV
(0.187±0.003 kWh m-3), followed by the 2341- and the 195-mg L-1 MFCs, and the lowest
concentration yielded the highest maximum NERS (1.092±0.012 kWh kgCOD-1) (Figure
10A). The NERV results indicate that, when treating the same amount of wastewater, a
higher organic concentration (e.g., 390 vs. 195 mg L-1) will lead to higher energy
recovery; however, the maximum NERV may not always increase with increasing organic
concentrations (e.g., 390 vs. 2341 mg L-1), likely due to the inherent limitation (e.g.,
internal resistance) of the MFC. When the energy recovery was expressed in NERS, the
maximum NERS increased with decreasing organic concentration. Considering both
NERV and NERS, the low concentrations (195 and 390 mg L-1) resulted in better
performance of energy recovery than the high concentration (2341 mg L-1). Since the
tested low concentrations are within the range of domestic wastewater, we think that
domestic or other low-strength wastewaters could be better substrates for MFCs than the
high-strength wastewaters, which support what we found in the prior studies [34][36].
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Figure 10. Comparaison of the maximum power density (PD) or the maximum NER in
the MFCs with different substrates: (A) different concentrations of acetate; and (B)
different substrate types.

The Group 4 MFCs were fed with three types of organic sources, acetate, glucose, and
primary effluent of domestic wastewater. Because low-strength substrates had better
energy recovery and the primary effluent used in this study had an average concentration
of 192 mg L-1 (COD), we prepared both acetate and glucose solutions with a
concentration of ~ 195 mg L-1 (Table 3). The results confirmed what we observed
previously [21] that the acetate-fed MFC exhibited much better performance in both
power density and energy recovery than either glucose- or wastewater-MFCs (Figure
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10B). In more details, the maximum power density in the acetate-fed MFC was
10.53±0.06 W m-3, more than twice those from the glucose-fed MFC (5.00±0.40 W m-3)
and the wastewater-fed MFC (4.52±0.21 W m-3). Likewise, the highest maximum NERV
(0.140±0.001 kWh m-3) and the highest maximum NERS (1.092±0.012 kWh kgCOD-1)
were obtained in the MFC fed with acetate. The MFCs with glucose or wastewater had
similar maximum power densities and the maximum NERV; the wastewater generated a
higher maximum NERS than the glucose, possibly due to the less COD removal in
wastewater than glucose (NERS is calculated based on the removed COD).

The maximum NER and NERV vs NERS
For the purpose of energy recovery, the maximum NER will be a key parameter to report.
Similar to the maximum power density that is most often reported in the MFC studies, the
maximum NER represents the performance of electricity generation with a focus on
energy. Although a higher maximum power density does not necessarily mean a higher
maximum NER in the cross-wise comparison, the maximum NER may be estimated from
the maximum power under a certain condition because of the relationship between power
and energy. We found that the maximum NERV always occurred at the same current
density (or the same external resistance) as the maximum power density in the tested
MFCs. This is because that NERV is determined by power and wastewater flow rate, and
the latter does not change under different current densities. The maximum NERS behaves
differently from the maximum NERV. For example, the MFC fed with 390 or 2341 mg L1

COD showed their maximum power density or the maximum NERV at current densities
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of 26.45±0.20 and 24.55±0.10 A m-3 (both under 50-ohm resistance), respectively; their
maximum NERS occurred at current densities of 17.88±0.13 and 16.70±0.05 A m-3,
respectively (both under 100-ohm resistance). This difference was caused by different
COD removal efficiencies at different current densities (Figure 11A).

Figure 11. The energy recovery and COD removal efficiency in the MFCs fed with
different concentration of acetate: (A) variation of COD removal efficiency along current
density; (B) variation of NERV with COD removal efficiency; and (C) variation of NERS
with COD removal efficiency.
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In the cross-wise comparison, both the maximum NERV and the maximum NERS showed
similar trends of variation among different conditions when we altered the dimensions of
the MFCs (Group 1 and 2). However, when the anode substrates were changed
(concentrations or types), those two parameters showed differently. For example, the
maximum NERV of the 390 mg L-1-MFC was higher than that of the 195 mg L-1-MFC,
but its maximum NERS was lower. Another example is that, the maximum NERS of the
wastewater-MFC was higher than the glucose-MFC, while the maximum NERV between
the two was not significantly different. Although NERS includes the information of the
conversion efficiency of organic compounds to electric energy, it may be “artificially
improved” or become larger when the COD removal becomes worse (less COD is
removed). It may not be a fair comparison to claim a “better” MFC if it shows a larger
NERS while achieves a lower COD removal efficiency.

It is of interest to further

investigate and understand the difference and interaction between NERV and NERS. At
this moment, as we previously suggested [21], we think both parameters should be
reported in an MFC study that focuses on energy recovery.
From the difference between NERV and NERS, we notice some potential issues about
COD removal efficiency and the maximum NER. We have identified that the primary
function of an MFC is wastewater treatment, and thus organic removal must be taken into
the consideration of evaluating an MFC system. Using the Group 3 MFCs as an example,
the COD removal efficiency increased with the increasing current density (or decreasing
external resistance) (Figure 11A). Especially, the COD removal efficiency remained
below 10% until the external resistance was reduced to 30 Ω (from 1000Ω) when the
removal efficiency increased to 25% and then to 50% at 20 Ω. The MFCs with lower
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concentrations of acetate achieved 60% or 85% of COD removal at their highest current
densities (or lowest external resistance of 20 Ω). However, the maximum NER appears
with a relatively lower COD removal efficiency: 8-10% in the MFC fed with 2341 mg L-1,
48-56% in the MFC of 390 mg L-1, and ~ 66% in the 195 mg L-1 MFC (Figure 6B and C).
Therefore, a question arises: which parameter should we pursue, the maximum NER or
the maximum COD removal? The maximum NER brings in the benefit of high energy
recovery, while the maximum COD removal gives us more environmental benefit. The
answer to this question requires a detailed analysis and comparison of economic benefit
between those two conditions, which is a great challenge to the current stage of MFC
development (given its scale and the available information on operation of larger-size
systems). Our initial thought (without additional analysis) is that, because of generally
low energy recovery in an MFC system, it may be more important to achieve high
organic removal efficiency. Energy recovery is still important, but it may not be the most
important task of an MFC system.

2.4 Conclusions
The results of this study have provided valuable information though evaluating
(maximum) NER in tubular MFCs. Unlike the maximum power density that is obviously
affected by the MFC size, we obtained the mixed messages about the relationship
between the maximum NER and the anode liquid volume: when varying the reactor
diameter, the MFCs with different size showed comparable maximum NER at the same
anolyte flow rate, and some difference at the same HRT; when the length of the reactor
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was altered, the maximum NER decreased with the decreasing anode liquid volume at the
same anolyte flow rate, and exhibited the opposite trend at the same HRT. This finding
encourages the further scaling up of MFCs, because energy recovery does not decrease
with increasing MFC size under a certain conditions. The NER data from the substrate
tests indicate that the low-strength substrate (e.g., domestic wastewater) may be more
suitable for MFC treatment. The discrepancy between the maximum NER and the
maximum COD removal brings up the question whether an MFC system treating
wastewater should pursue high energy recovery or high contaminant removal. Given the
current fact that MFCs generally have low energy recovery, contaminant removal may be
more important, although further analysis will be required.
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3 Nano-materials modified electrodes
3.1 Crumpled graphene particles for microbial fuel cell
electrodes
(This section has been published as: Xiao, L., Damien, J., Luo, J., Jang, H. D., Huang, J. and He,
Z. (2012) Crumpled graphene particles for microbial fuel cell electrodes. Journal of Power
Sources. 208, 187-192.)

3.1.1 Introduction
Wastewater contains a high content of organic matter that can be used as a source of
energy to offset energy consumption by treatment processes [37]. The use of microbial
fuel cells (MFCs) offers one of the most promising approaches for extracting useful
energy from wastewater. Through bioelectrochemical reactions, MFCs can convert the
energy stored in the chemical bonds of organic compounds to electrical energy [12];
however, the low power output of MFCs currently restricts their practical applications.
Research towards improving MFC power production focuses on understanding microbial
activities, optimizing MFC configuration and operation, reducing electrochemical
limitation, and exploring new materials for electrodes and membranes. Among these,
electrode materials (including electrodes and their modifying materials) are of special
interest because of rapid developments in material sciences [38][39].
The key criteria for electrode materials in MFCs include high surface area, high
conductivity, good stability (resistant to chemical and microbes), and low cost [12].
Electrodes can also be modified by coating additional materials to achieve those
properties [40]. The most commonly used materials for anode electrodes are carbonbased,
such as carbon paper, carbon cloth, and graphite felt [39], because they are inexpensive,
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easy to use, and have a defined surface area. Carbon materials can be modified with
nanoparticles to improve the power density [41][42]. Cathode electrodes, on the other
hand, require catalytic ability to reduce terminal electron acceptors, in addition to those
properties described with anode electrodes. Cathode electrodes can also be modified with
nanomaterials to improve catalyst activities and/or facilitate catalyst support [43]. The
most popular catalyst for cathode electrodes is platinum (Pt), an expensive noble metal.
Several other catalysts have been studied, such as manganese oxides, metal tetramethoxy
phenylephrine (CoTMPP and FeCoTMPP), and metal phthalocyanine (FePc, CoPc and
FeCuPc) [17]. These alternatives can achieve a comparable performance to Pt, but their
long-term stability requires further examination, especially for the presence of metals like
iron and manganese, which could be involved in a microbial metabolism. Therefore, it is
necessary to explore more options for simple and stable materials used for preparing
electrodes in MFCs.
Since the isolation of graphene in 2004, researchers have found a variety of unique and
desirable properties for electrochemical applications – high electrical conductivity, large
surface area, applicable electrocatalytic activities, and low production costs [44][45][46].
As a result, graphene is studied as an electrode material in many electrochemical
applications, such as solar cells, lithium-based rechargeable batteries, and ultracapacitors
[47][48][49]. Recently, Zhang and his co-workers reported the improved electrochemical
performance of a dual-chamber MFC operated with a graphene-modified anode electrode
[50], and Huang and his co-workers found that graphene oxide nanoribbons could
enhance extracellular electron transfer in bioelectrochemical systems [51]. These studies
revealed the great potential of using graphene to improve electrode performance in MFCs.
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The graphene material is made by thermal annealing of graphene oxide (GO), which is
prepared by a modified Hummers’ synthesis [52]. Such prepared graphene materials are
usually called chemically modified graphene, or reduced GO(r-GO), as they are more
defective than pristine graphene [53]. Regular r-GO is made by thermal exfoliation of GO
at 200 ◦C and the resulting material is typically flat sheet with wrinkles (Figure 12B). We
have developed a new type of r-GO particles by crumpling the sheets into crumpled paper
ball-like structure by an aerosol-assisted capillary compression process [54]. In the
synthesis, the soft GO sheets were subject to near isotropic compression during rapid
evaporation of the aerosol droplets and subsequently reduced by in situ heating. The
particles’ morphology resembles crumpled paper balls (Figure 12C). While regular sheetlike graphene materials are prone to aggregation, making their surface area and
processability sensitive to the materials’ processing history, the crumpled particles are
remarkably aggregation-resistant in both solution and solid state and have a much more
stable, consistently higher surface area and excellent solution processability that
aremuchless sensitive to processing history. Like crumpled paper balls, crumpled
graphene (i.e., r-GO) particles can also tightly pack into a three-dimensional (3D), porous
structure without significantly losing surface area. Therefore, it is expected that
electrodes modified with the crumpled graphene particles should have a much higher
surface area than those modified with regular graphene sheets, resulting in a much better
MFC performance.
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Figure 12. Morphologies of electrodes: (A) carbon fiber of carbon cloth; (B) r-GO sheets
on carbon cloth; (C) r-GO particles before being applied; and (D) r-GO particles on
carbon cloth.

In this study, we systematically examined electricity generation with the graphenemodified (anode or cathode) electrodes and employed electrochemical techniques such as
cyclic voltammetry and electrochemical impedance spectroscopy to characterize the
electrochemical properties of the electrodes. For comparison, we tested an activated
carbon (AC)-modified anode electrode and platinum-modified and unmodified cathode
electrodes (carbon cloth – CC) in parallel with the graphene-modified electrodes.
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3.1.2 Materials and methods
Electrode modification
The details of preparation and characterization of r-GO particles can be found in our
previous publication [54]. The base material, carbon cloth (PANEX®30PW03, Zoltek
Corporation, St. Louis, MO, USA) was used for modification. For anode tests, carbon
cloth modified with regular r-GO sheets, crumpled r-GO particles and AC were tested.
For cathode tests, carbon cloth modified with regular r-GO sheets, crumpled r-GO
particles, and Pt/C (10% Pt in black carbon powder) were measured. An unmodified
carbon cloth (CC) electrode was also used in the cathode test as a control. The project
surface area for each electrode was 4.5 cm2 each side. For modification, 45 mg r-GO
particles were mixed with 0.5 mL deionized water in a 5-mL centrifuge tube and the
mixture was sonicated for 30 min. Then 0.3 mL Nafion solution was added into the
mixture, which was sonicated again for 5 min. This mixture was applied to both sides of
the carbon cloth and dried in air for 24 h. The final loading rate of the modifying material
was 5mg cm−2. Other modified electrodes were prepared by the same method with the
same loading rate.

MFC construction and operation
Two-chamber microbial fuel cells were built with glass bottles jointed by a cation
exchange membrane (CEM) (Ultex CMI 7000, Membranes International, Inc., Glen Rock,
NJ, USA). Each chamber had a liquid volume of 120 mL. Three electrodes were installed
in the same chamber to minimize the effect of the (different) counter electrode on MFC
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performance. For example, the anode-MFC for the anode electrode test contained the rGO particles-, the r-GO sheets- and the AC-modified electrodes in its anode chamber and
one single cathode electrode (carbon brush, Gordon Brush Mfg. Co., Inc., Commerce,
CA, USA) in the cathode chamber. In contrast, the cathode-MFC for the cathode
electrode test had the r-GO particles-, the r-GO sheets- and the Pt- (or CC) modified
electrodes in the cathode chamber and one single anode electrode (carbon brush) in the
anode chamber. Before use, carbon brush electrodes were pre-treated by immersing in
acetone overnight and heating at 450 ℃ for 30 min. We did not find obvious effects of
the location of electrode placement on electricity generation, although there was a slight
difference in the distance between different electrodes and the membrane. The multiple
electrodes in the same chamber were connected individually with copper wires to their
common counter electrode. One resistance decade box was connected in each electrical
circuit to adjust the external resistance between each electrode couple. Both the anode
and the cathode chambers were continuously stirred with magnetic bars. A reference
electrode (Ag/AgCl) was installed in the testing chamber for in situ electrochemical
analysis.
The MFCs were operated in batch mode at room temperature (about 20 ℃). The anodes
were inoculated with the anaerobic sludge from a local municipal wastewater treatment
plant (South Shore, Milwaukee, WI, USA). The nutrient solution in the anode chamber
contained (per 1 L of tap water): sodium acetate, 0.5 g; NH4Cl, 0.3 g; NaCl, 1 g;MgSO4,
0.03 g; CaCl2, 0.04 g; NaHCO3, 0.2 g; KH2PO4, 5.3 g; K2HPO4, 10.7 g and 1mL trace
elements [55]. The anode solution was replaced (∼80%) when the voltages of all three
electrode couples dropped below 4mV. The cathode of the anode-MFC was filled with
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1M potassium ferricyanide, while the cathode of the cathode-MFC was filled with 100
mM phosphate buffer solution (5.3 g L−1 KH2PO4 and 10.7 g L−1 K2HPO4) and aerated
with air flow.

Measurement and analysis
The cell voltage was recorded every 5min by a digital multimeter (2700, Keithley
Instruments, Inc., Cleveland, OH, USA). A potentiostat (Reference 600, Gamry
Instruments, Warminster, PA, USA) performed the polarization curve at a scan rate of
0.8mV s−1 for anode electrode tests and 0.2mV s−1 for cathode electrodes tests. The
power density and current density were calculated based on the anode liquid volume. The
total charge produced in one batch cycle was calculated by integrating current with time
(the period of a cycle). The cyclic voltammogram (CV) was also performed using the
Gamry reference 600 potentiostat at a scan rate of 5mV s−1 in two ways: the in situ test
was conducted in the (anode) MFC that used the anode electrode as a working electrode,
the cathode electrode as a counter electrode and an Ag/AgCl reference electrode (200mV
vs. SHE), and vice versa for the cathode MFC; the ex situ test was conducted in an
electrochemical cell that contained a glassy carbon electrode modified with r-GO
particles or Pt powder as a working electrode, a Pt wire as a counter electrode and an
Ag/AgCl reference electrode. The gas phase of the electrochemical cell was flushed with
either oxygen or nitrogen gas. The r-GO particles, carbon cloth and graphene-modified
electrodes were imaged using a scanning electron microscope (SEM) (Hitachi S4800,
Japan).
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Electrochemical impedance spectroscopy (EIS)
The impedance spectra were collected at the open-circuit potential (OCP) of the anode
and the cathode using a Gamry reference 600 potentiostat. An ac voltage signal of 10mV
was applied in a frequency range from 100 kHz to 5 mHz. EIS measurements were
conducted in a three-electrode mode by recording the impedance spectrum of the anode,
with the cathode acting as a counter electrode (CE) in the anode-MFC, and vice versa for
the cathode-MFC. The reference electrode was Ag/AgCl. The EIS data was analyzed
using ANALEIS with an equivalent circuit containing two time constants. Rs represents
solution resistance, Rp1 is related to pore resistance of coating layer, and Rp2 is the
reaction (polarization) resistance at the coating/substrate interface.

3.1.3 Results
Graphene-modified anode electrodes
(1) Electricity generation
Electricity generation was observed from all three anode electrodes in the anode-MFC
and the graphene modification exhibited a beneficial effect on the MFC performance.
Batch operation resulted in a profile of current production, with a rapid increase upon the
replacement of the fresh anode solution and a gradual decrease due to the depletion of the
substrate. At an external resistance of 100 Ω, all three current profiles exhibited a similar
trend of increase and decrease, although at different levels (Figure 13A). The current
generations were clearly affected by the substrate consumption because three anode
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electrodes were in the same anode chamber. Each cycle of current production lasted for
about 20 hours. The currents reached peak values of 1.30 ± 0.04 mA, 1.05 ± 0.09 mA and
0.57 ± 0.03 mA for the r-GO particles-, the r-GO sheets- and the AC-modified electrodes,
respectively. The total charges produced in one cycle amounted to 50.5 ± 7.3 C for the rGO particles-modified electrode, 44.5 ± 9.0 C for the r-GO sheets-modified electrode,
and 27.8 ± 5.9 C for the AC-modified electrode. The anode-MFC was operated for more
than three months and electricity generation with all three anode electrodes was stable,
suggesting good stability and reproducibility of the tested electrode materials.

Figure 13. Electricity generation with graphene-modified anode electrodes: (A) current
generation at 100 Ω; and (B) polarization curves.
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Polarization tests confirmed the difference in electricity generation from three modified
anode electrodes. As shown in Figure 13B, the open cell voltages (OCV) of three
electrodes were almost the same (~ 0.66 V), comparable with OCVs in other MFC
studies. However, the maximum power densities were apparently different. The ACmodified anode electrode produced 1.7 W m-3, which was 61% of the r-GO sheets modified anode electrode (2.7 W m-3) and 46 % of the r-GO particles-modified anode
electrode (3.6 W m-3). Accordingly, the AC-modified anode electrode generated the
lowest short-circuit current of 6.9 A m-3; while the r-GO particles- and the r-GO sheetsmodified anode electrodes produced 16.0 and 10.8 A m-3, respectively.

(2) Electrochemical analysis
The electrochemical behaviour of the modified anode electrodes in the anode-MFC was
analyzed by using CV and EIS. The in situ voltammograms of the r-GO particlesmodified and the r-GO sheets-modified anode electrodes showed larger currents than that
of the AC-modified anode electrode, indicating either an enhanced surface area or an
optimized structure (Figure 14). By fitting the data of the Nyquist plots (Figure 15), we
obtained the values of each parameter (Table 4). The solution (ohmic) resistances, Rs
resulting from the ionic resistance of electrolyte, the intrinsic resistance of active
materials, and the contact resistance, were generally lower than 10 Ω for all three
modified anode electrodes. The pore resistance of the coating layer (Rp1) behaved very
differently, with the highest value of 182 Ω from AC-modified anode electrode and the
lowest value of 16 Ω from r-GO particles-modified anode electrode. Similarly, the
highest polarization resistance (Rp2) of 304 Ω also occurred from the AC-modified anode
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electrode; while the r-GO particles-modified anode electrode had 33 Ω, almost one tenth
of that of the AC-modified anode electrode. Both resistances with the r-GO sheetsmodified anode electrode were higher than those of the r-GO particles-modified anode
electrode but much lower than those of the AC-modified anode electrode.

Figure 14. Cyclic voltammetry of the modified anode electrodes.

Figure 15. EIS (Nyquist plots) of the modified anode electrodes.

49

Table 4. The fitting parameters of EIS data for the MFCs with modified electrodes

Anode-MFC

Modifying
material

Rs
(Ω)

Rp1
(Ω)

Rp2
(Ω)

r-GO particles
r-GO sheets

6.0
3.3
8.0
6.6
8.8
11.0

15.7
59.2
182.1
21.0
34.4
52.5

32.8
71.4
303.8
29.2
38.5
16680

AC
Cathode-MFC

r-GO particles
r-GO sheets
CC

Graphene-modified cathode electrodes
(1) Electricity generation
To examine the graphene modification for cathode reactions, two groups of cathode
electrodes were studied in the cathode-MFC: first, r-GO particles-, r-GO sheets- and
Pt/C-modified cathode electrodes; and second, r-GO particles-, r-GO sheets- and
unmodified CC cathode electrodes. Polarization tests were employed to determine the
overall performance of graphene materials compared with either Pt/C or CC. In the first
group, the Pt/C-modified cathode electrode exhibited the best performance, while the rGO particles- and the r-GO sheets-modified cathode electrodes behaved almost
identically (Figure 16). The OCV of the r-GO particles- and the r-GO sheets-modified
cathode electrode were about 0.65 V, lower than 0.75 V of the Pt/C-modified cathode
electrode. Likewise, the maximum power density of either the r-GO particles- or the rGO sheets-modified cathode electrode (2.9 W m-3) was 60% of the Pt/C-modified
cathode electrode (4.8 W m-3). Compared with the unmodified electrode (CC), the use of
r-GO particles or r-GO sheets had clearly improved the MFC’s performance (Figure
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17B).

The maximum power densities of the r-GO particles- and the r-GO sheets-

modified cathode electrodes were 3.3 W m-3 and 2.5 W m-3, respectively, significantly
higher than 0.3 W/m3 with the unmodified cathode electrode.

Figure 16. Polarization curves with the modified cathode electrodes in the cathode-MFC.
Pt cathode was used as a control.

Figure 17. Electricity generation with grapheme-modified cathode electrodes: (A) current
generation under 33 Ω; and (B) polarization curves.
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To further confirm the findings from the polarization test, the cathode-MFC was operated
under the 33 Ω external resistance with the second group of cathode electrodes (Figure
17A). Both the r-GO particles- and the r-GO sheets-modified cathode electrodes showed
a batch profile of current generation over substrate consumption. The total charges of the
r-GO particles-modified cathode electrode were 133.3 ± 8.7 C, twice as much as the rGO sheets-modified cathode electrode (65.0 ± 7.3 C). No obvious electricity production
was observed from the unmodified cathode electrode. In parallel with the anode-MFC,
the cathode-MFC was operated for a period of 3 months and stable performance was
achieved.

(2) Electrochemical analysis
The cathode-MFC was also characterized by CV and EIS. No distinct redox peak was
observed from all three cathode electrodes during the in situ CV test, but the currents of
the r-GO particles- and the r-GO sheets-modified cathode electrodes were much higher
than the current of the unmodified electrode (Figure 18). It should be noted that the in
situ CV test was conducted on carbon cloth that did not have a uniform surface like glass
carbon electrodes used in the ex situ CV test; therefore, the results of the in situ CV test
were more complex and no redox peaks did not necessarily mean no catalytic activities.
The ex situ CV test of the r-GO particles clearly exhibited a reduction peak at -0.2 V (vs.
Ag/AgCl) with oxygen gas but not with nitrogen gas (Figure 19). The CV of the Pt
powder also showed a reduction peak close to -0.2 V (vs. Ag/AgCl) (Figure 20). EIS tests
were carried out to determine the internal resistance of three electrodes (Figure 21) and
the fitting parameters are shown in Table 4. The solution resistances of the r-GO
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particles-modified cathode electrode (7 Ω) and the r-GO sheets-modified cathode
electrode (9 Ω) were slightly lower than carbon cloth (11 Ω). Like the modified anode
electrodes, the crumpled r-GO balls-modified cathode electrode had the lowest pore
resistance (21 Ω). A significant difference between the modified and unmodified cathode
electrodes occurred with the polarization resistance. The unmodified carbon cloth had a
polarization resistance of 16680 Ω, several hundred times higher than those of the
modified cathode electrodes.
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Figure 18. Cyclic voltammetry of the modified cathode electrodes in the cathode-MFC.

Figure 19. Cyclic voltammetry of r-GO particles with oxygen or nitrogen.
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Figure 20. Cyclic voltammetry of the Pt electrode under oxygen condition in an
electrochemical cell.

Figure 21. EIS (Nyquist plots) of the modified cathode electrodes. The insert shows the
details at high frequency.

3.1.4 Discussion
The results have collectively demonstrated that graphene modification is generally
beneficial to the electrode performance, with some difference between the anode and the
cathode applications.
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Graphene-modified anode electrodes could improve electricity generation compared with
activated carbon modification, most likely because of graphene’s superior properties,
such as its large surface area and open structure. The results also confirmed the finding in
a recent study that achieved a higher maximum power density with the graphenemodified stainless steel mesh (SSM) than plain SSM and polytetrafluoroethylene (PTFE)
modified SSM [50]. The authors attributed the better performance to the fact that the
graphene-modified electrode possessed a high surface area, facilitated bacterial adhesion,
and exhibited an excellent efficiency of electron transfer. The electrodes modified by a
porous layer of crumpled graphene particles used in our study have an even higher
surface area than regular graphene because of its unique three-dimensional open structure
[54], and thus is potentially more advantageous, as demonstrated by a higher electricity
production with the r-GO particles-anode electrode than the r-GO sheets- and AC-anode
electrodes.

The electrochemical analysis supported the finding with the best electrochemical activity
and lowest impedance from the r-GO particles-anode electrode. Although no distinct
redox peaks were observed from all three modified anode electrodes, the currents of the
r-GO particles- and the r-GO sheets-modified anode electrodes were much higher than
those of the AC-modified anode electrode, indicating that the graphene-modified
electrode had a higher faradic charge capacity, which could be proportional to the
electrode surface area [56]. With the same projected areas, the r-GO particles-modified
anode electrode had the highest actual surface area [54], which also helped with biofilm
formation. Its unique pore structure could facilitate bacterial adhesion and substrate
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supply. As a result, in the anode-MFC, most of the charges were transferred through the
r-GO particles-modified anode electrode during the oxidation of substrates. The low
resistances of the r-GO particles- and the r-GO sheets-modified anode electrodes
suggested a better mass transfer of fuel and ions, compared with activated carbon.

Graphene-modified cathode electrodes have exhibited catalytic activities of oxygen,
which is supported by the ex situ CV test of r-GO particles that showed a reduction peak
in oxygen but not in nitrogen gas. This reduction peak was similar to the one with the Pt
CV test. Our results are also supported by a previous finding that graphene sheets had
high catalytic activity for the reduction of oxygen [57]. The authors studied the
electrochemical reduction of oxygen with graphene sheets by cyclic, rotating disk
electrode, and rotating ring-disk electrode voltammetry. They found that graphene sheets
could effectively catalyze the disproportionation of H2O2 and that such catalytic activity
enables a 4-electron reduction of O2 at a relatively low overpotential in neutral media. In
the present study, the maximum power densities of the r-GO particles- and the r-GO
sheets- modified cathode electrodes were about 60% of the Pt/C-modified cathode
electrode, but much higher than the unmodified electrode, demonstrating that r-GO
particles and r-GO sheets can improve the oxygen reduction reaction at the cathode of an
MFC, although not as well as the Pt/C.

It is worth noting that the maximum power densities of r-GO particles- and r-GO sheetsmodified cathode electrodes in Figure 17B (the cathode-MFC with CC as the control)
were different from those in Figure 16 (the cathode-MFC with Pt/C as the control).
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Because the Pt/C-modified cathode electrode dominated oxygen reduction in the cathode
chamber, the difference between r-GO particles-modified and r-GO sheets-modified
cathode electrodes was much smaller than that when they were compared with a Pt/Cmodified cathode electrode. After changing Pt/C to bared carbon cloth (unmodified
electrode), the main reaction in the cathode chamber was with r-GO particles-modified
and r-GO sheets-modified cathode electrodes, as they were competing with each other
and the difference between these two became apparent. The r-GO particles-modified
cathode electrode performed the fastest electrode reaction rate and charge transfer rate
compared with r-GO sheets- and unmodified cathode electrodes, suggested by the largest
current from the in situ CV tests and the lowest resistance from EIS tests.

The EIS analysis also indicated different roles of graphene materials between anode and
cathode modification. For anode modification, graphene helped to optimize the surface
structure of the electrode, suggested by the lower pore resistances (Rp1). As a result,
biofilm formation could be improved, leading to a reduced polarization resistance (Rp2)
compared with the AC modification. For cathode modification, the effect of the electrode
surface improvement was limited, indicated by the closeness of the three Rp1 values,
although graphene still improved the electrode surface. The key function of the graphene
modification was to directly improve the cathode reaction through its catalytic function,
which resulted in a great reduction of Rp2 and significant higher electricity generation
compared with the unmodified carbon cloth.

The r-GO particles are a novel type of graphene-based material with superior properties
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and processability. The MFC tests have shown that r-GO particles can significantly
enhance bioreaction/electrochemical kinetics and mass transfer because of a high surface
area, open structure and high electrical conductivity; however, these characteristics
highly depend on graphene processing history. In order to produce a high surface area,
graphene oxide (the precursor of graphene) needs to be heated rapidly to trigger a violent
gas evolution for efficient exfoliation; otherwise, the surface area of graphene reduces by
more than 84% of its original surface area [54]. In contrast, r-GO particles always yielded
a high surface area regardless of the heating rate [54]; therefore, r-GO particles are easier
to prepare compared with regular graphene. In addition, due to their crumpled threedimensional structure, r-GO particles possess a high surface area to facilitate the electron
conductance and possibly biofilm formation in the anode and higher catalytic activity for
reducing oxygen in the cathode. Although r-GO particles did not outperform the Pt/C for
cathode reaction under the same loading rate in this study, the performance could be
compensated for or improved by increasing the loading rate applied to the cathode
electrode. The lower cost of graphene compared with Pt would make it a more viable
option to increase graphene concentration for enhancing the electrode performance.

3.1.5 Conclusions
We demonstrated that r-GO particles and r-GO sheets could increase the power
production in MFCs via modification of the anode or the cathode electrodes. Both
graphene materials exhibited better electrochemical performance and lower impedance
compared with activated carbon or unmodified electrode; in particular, r-GO particles, a
novel structure of graphene, performed even better than regular r-GO sheets. With further
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understanding of graphene’s role in electron transfer and biofilm formation in MFCs, and
reducing the cost of graphene preparation, graphene materials could be promising in the
future design of large-scale MFC or MFC-related applications, such as microbial
electrolysis cells and microbial desalination cells.

3.2 Carbon/Iron-based nanorod catalysts for hydrogen
production in microbial electrolysis cells
(This section has been published as: Xiao, L., Wen, Z., Ci, S., Wen, Z., Chen, J. and He, Z. (2012)
Carbon/Iron-based nanorod catalysts for hydrogen production in microbial electrolysis cells.
Nano Energy. 1, 751-756.)

3.2.1 Introduction
Microbial electrolysis cells (MECs) are bioelectrochemical devices that can produce
hydrogen from organics via microbial metabolism [26]. Because of the electric potential
supplied by the anode reaction, MECs require a voltage addition as low as 0.2 V from
external sources to reduce protons to hydrogen gas [58], which is a significant advantage
compared with hydrogen production via water electrolysis [59]. MECs offer
opportunities to recover hydrogen as an energy carrier from biomass and wastewater; in
particular, MECs can use fermenting products from biohydrogen-producing processes
and thus maximize hydrogen production if linked to biohydrogen production. Recent
advancement of MEC to a pilot test, although having problems with methanogens
overgrowth, has provided valuable experiences in MEC scaling up and operation [60].
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One of the key factors to MEC performance and application is the (cathode) catalyst for
hydrogen production because of the large over potential of the hydrogen evolution
reaction (HER) on plain carbon electrodes [26]. Platinum (Pt) is a commonly used and
efficient catalyst, but the high cost associated with Pt material obstructs its application,
especially for large-scale systems. Rapid development in material sciences introduced
alternative catalysts to replace Pt in MECs; for instance, it was found that cobalt-based
catalysts could catalyze hydrogen production in MECs, but not as well as Pt [61]. Nickel
oxide catalysts prepared by electrodeposition were also studied in MECs [62]. The MECs
with nickel alloy (NiMo) outperformed NiW cathode and achieved a comparable
performance to the Pt cathode in terms of hydrogen production rate [63]. Another report
found the Ni-W-P cathode demonstrated better electrocatalytic activity than the Ni-Ce-P
cathode and achieved a comparable performance to the Pt cathode [64]. These studies
demonstrate the potential of alternative catalysts for MECs and a strong need for
developing new catalysts.

Derived from microbial fuel cells (MFCs), MECs inherit many similar features, including
cathode catalysts, although with some differences. Nanoscale carbon materials such as
carbon nanotubes (CNTs) have been studied to modify electrodes for improving
electricity generation in MFCs [39]; however, there is no report using carbon
nanomaterials as catalysts for hydrogen production in MECs. Recently, a family of Feand cobalt (Co)-based catalysts were synthesized to improve the cathodic oxygen
reduction reaction (ORR). Consequently, we created a nitrogen-containing core-shell
structured catalyst with iron-based composite (Fe/Fe3C) nanorods as the core and
graphite carbon as the shell, called N-Fe/Fe3C@C [65]. The N-Fe/Fe3C@C catalysts
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achieved a comparable power production in an MFC to Pt/C catalyst, but outperformed
Pt/C kinetically in current generation. Because of its superior performance in MFCs, in
this study we examined hydrogen production using the N-Fe/Fe3C@C as a cathode
catalyst for HER in an MEC. For comparison, Pt/C, CNTs and unmodified cathodes were
also investigated.

3.2.2 Materials and methods
Catalyst synthesis
Synthesis of N-Fe/Fe3C@C nanorods started with drying the mixed solution of FeCl3 and
cyanamide. Further heat treatment under the argon protection led to the formation of
C3N4 polymer-loading Fe-based nanoparticles, which then evolved into graphitewrapping Fe-based nanoparticles, because of the decomposition of C3N4 polymer with Fe
nanoparticles as catalysts. Further annealing treatment resulted in the oriented attachment
of the Fe-based nanoparticles and finally produced the core-shell-structures NFe/Fe3C@C nanorods (Figure 22). More details of N-Fe/Fe3C@C preparation and
characterization can be found in another of our studies [65].
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Figure 22. Schematic illustration of the formation of core-shell-structured N-Fe/Fe3C@C
nanorods: (1) The transformation of C3N4 polymer-loading Fe-based nanoparticles into
graphite-wrapping Fe-based nanoparticles; (2) Oriented attachment of Fe-based
nanoparticles and the formation of core-shell-structures N-Fe/Fe3C@C nanorods.

Cathode electrode preparation
Carbon cloth (CC) electrodes (PANEX®30PW03, Zoltek, Corporation, St. Louis, MO,
USA) were modified with N-Fe/Fe3C@C, CNTs or Pt/C (10% Pt in carbon black)
powder. An unmodified electrode (CC) was used as a control, and each electrode had a
projected surface area of 12 cm2. For modification, 60 mg of N-Fe/Fe3C@C powder was
mixed with 0.3 mL Nafion solution. This mixture was applied to the carbon cloth, dried
in air for 24 hours, and then was ready for use. The final loading rate of the modifying
material was ~5 mg cm-2. Other modified electrodes (CNTs and Pt/C) were prepared
using the same method.

MEC construction and operation
A two-chamber MEC was built with two glass bottles jointed by a cation exchange
membrane (CEM) (Ultex CMI 7000, Membranes International, Inc., Glen Rock, NJ,
USA). Each chamber had a liquid volume of 120 mL. The anode was a carbon brush
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(Gordon Brush Mfg. Co., Inc., Commerce, CA). To develop the anode biofilm, the MEC
was first operated as a two-chamber MFC. The anode was inoculated with the anaerobic
sludge from a local municipal wastewater treatment plant (South Shore, Milwaukee, WI,
USA). The nutrient solution in the anode chamber contained (per 1 L of DI water):
sodium acetate, 1.0 g; NH4Cl, 0.3 g; NaCl, 1.0 g; MgSO4, 0.03 g; CaCl2, 0.04 g; NaHCO3,
0.2 g; KH2PO4, 5.3 g; K2HPO4, 10.7 g and 1 mL/L trace elements [35]. The cathode
chamber was filled with 100 mM phosphate buffer solution (PBS: 5.3 g/L KH2PO4·H2O
and 10.7 g/L K2HPO4) and aerated with air. When the open cell voltage (OCV) reached
0.7 V, we switched the MFC to an MEC by removing aeration from its cathode and
applying an external voltage of 0.8 V to the circuit via connecting the negative pole of a
power supply (3644A, Circuit Specialists, Inc., Mesa, AZ, USA) to 10 Ω resistor, then to
the cathode, and the positive pole to the anode. The MEC was operated in a batch mode
at a room temperature of 20 ºC. The anode solution (same as the one used for MFC
operation) was partially replaced (80 %) when the voltage dropped below 4 mV.
Meanwhile, the cathode solution was completely replaced and then sparged with nitrogen
gas for 15 min.

Measurement and analysis
The voltage across the resistor was recorded every 5 min by a digital multimeter (2700,
Keithley Instruments, Inc., Cleveland, OH, USA). A potentiostat (Reference 600, Gamry
Instruments, Warminster, PA, USA) performed the linear sweep voltammogram (LSV) at
a scan rate of 5 mV/s with a three-electrode arrangement, including a working electrode
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(modified electrode), a platinum electrode used as counter electrode, and an Ag/AgCl
reference electrode (200 mV vs. SHE) in a separate beaker that contained N2-saturated
phosphate buffer solution (100 mM PBS, pH = 7.0). Gas production in the MEC was
measured by water replacement using a graduated flask and the gas composition was
analyzed by a gas chromatograph (Thermo Fisher Scientific, Waltham, MA, USA). Iron
was analyzed using Ferrozine method [14]. The N-Fe/Fe3C@C powder and NFe/Fe3C@C-modified cathode were imaged using a scanning electron microscope (SEM)
(Hitachi S4800, Japan). The morphology and nanostructures of the samples were
characterized by using FEI Tecnai F20 ST 200 KeV high-resolution transmission electron
microscope (HRTEM).
Several parameters were calculated as follows:
Total output coulombs (Q) is the integration of current over time:

∫

, where I

is the current (A), t is the time (s). Coulombic recovery (CR) is defined as total output
coulombs over total input coulombs in acetate: = Q/nFCa, where n is the number of
electrons released from each acetate (8), F is faradic constant (96, 485 C/mol e-), and Ca
is the total mole of the added acetate. Cathodic hydrogen recovery (R cat) is the ratio
between the electrons contained in the produced hydrogen gas and the electrons produced
as current: Rcat = 2nH2/(Q/F), where nH2 is the mole of the produced hydrogen gas. The
overall hydrogen recovery (RH2) represents the substrate used for hydrogen production:
RH2 = RcatCR. The hydrogen production rate (QH2) is the hydrogen production per cathode
electrode area per time: QH2 = VH2/Acatt, where VH2 is hydrogen volume (m3), Acat is the
project surface area of the cathode electrode (m2), and t is the time period of one cycle (d).
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3.2.3 Results and discussions
Electrochemical and microscopy characterization of cathode electrodes
Linear sweep voltammetry (LSV) was used to characterize the electrochemical properties
of these cathode materials. The bare CC showed a very small cathodic current and the
CNT cathode had a slightly enhanced cathodic current; clearly, both the Pt/C- and the NFe/Fe3C@C cathodes displayed a much higher cathodic current than the other two
cathodes (Figure 23). In more details, at the potential of - 0.9 V, the Pt/C- and the NFe/Fe3C@C exhibited a cathodic current of 0.059 A and 0.048 A, respectively, one order
of magnitude higher than the corresponding cathodic current with the CC (1.92×10-5 A)
and CNTs (0.0046 A). It should be noted the cathodic current can somehow reflect the
activity of catalytic reduction of H+; in this sense, the N-Fe/Fe3C@C behaved slightly
lower than the Pt/C. Nevertheless, the N-Fe/Fe3C@C exhibited attractive properties for
proton reduction compared with the bare CC and CNTs cathodes, which is also
confirmed by the data on hydrogen production and MEC current generation, as discussed
in the following section. To our surprise, conventional CNTs did not improve MEC
cathodes as they do with MFC cathodes, indicating that CNTs might not possess the
ability to catalyze proton reduction and their high surface that is beneficial to ORR in
MFCs does not help hydrogen evolution in MECs.
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Figure 23. Linear sweep voltammetry of the four cathode electrodes in N2-saturated
phosphate buffer solution (100 mM PBS, pH = 7.0).

The N-Fe/Fe3C@C had a solid rod morphology with iron-based composite (Fe/Fe3C)
nanorods as the core and graphite carbon as the shell. Figures 24a and 24b present the
SEM and TEM images of the N-Fe/Fe3C@C nanorods respectively, in which one can
observe lots of nanorods accompanying with a few nanoparticles. Figures 24c and 24d
display the TEM image of single N-Fe/Fe3C@C nanorod; it can be seen that one film of
graphite layers are covered on the core that have a crystalline spacing of about 0.21 nm,
corresponding to crystalline face of Fe3C.
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Figure 24. Scanning and transmission electron microscopy images of the N-Fe/Fe3C@C
catalysts.

Hydrogen production
When applying 0.8 V to the MEC, electric current was generated through the 10-Ω
resistor, and this current was directly related to hydrogen production via electron transfer.
A profile of current production was obtained in the batch operation mode: a rapid
increase upon the replacement of a fresh anode solution, a gradual decrease due to the
rising pH, and a rapid decrease because of the depletion of the anode substrate (Figure
25). The peak current density of the N-Fe/Fe3C@C cathode was 2.60 ± 0.07 A m-2, much
higher than those of CNTs (1.30 ± 0.09 A m-2) and CC cathodes (1.36 ± 0.10 A m-2),
although not comparable with that of the Pt/C cathode (3.50 ± 0.12 A m-2). However, the
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duration of current production with the Pt/C cathode was shorter than the N-Fe/Fe3C@C
cathode. As a result, the total charges produced with the N-Fe/Fe3C@C cathode in one
cycle amounted to 410.5 ± 7.3 C, higher than that of the Pt/C cathode (374.0 ± 24.2 C);
therefore, the N-Fe/Fe3C@C cathode had a higher coulombic recovery than the Pt/C
cathode (Table 5). The CC and CNTs cathodes produced 253.6 ± 9.7 C and 228.6 ± 28.1
C, respectively.

Figure 25. Current generation with the four cathode electrodes in the MEC at an external
resistor of 10 Ω and an applied voltage of 0.8 V.

Table 5. Efficiencies and hydrogen production in the MEC with different cathodes.
1

CC
CNT
Pt/C
N-Fe/Fe3C@C
N-Fe/Fe3C@C*

CR (%)

26.9 ±1.1
24.1 ±3.0
39.8 ±2.6
43.6 ±0.8
38.1 ±0.8

*After 20-day operation
1
CR: Coulombic recovery
2
Rcat: Cathodic hydrogen recovery
3
RH2: Hydrogen recovery
4
QH2: Hydrogen production rate

2

Rcat (%)

67.7 ±10.6
66.6 ±6.6
81.6 ±5.0
79.8 ±8.4
79.5 ±0.8

3

RH2 (%)

18.2 ±2.4
16.0 ±2.1
32.4 ±1.9
34.8 ±4.3
30.3 ±0.3

4

QH2 (m3 H2 m-2
d-1)
0.0087 ±0.0007
0.0075 ±0.0006
0.0230 ±0.0031
0.0181 ±0.0011
0.0144 ±0.0002
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Hydrogen production was monitored with all cathodes and the efficiencies are
summarized in Table 5. Although both Pt/C and N-Fe/Fe3C@C exhibited similar
hydrogen recovery efficiency, the Pt/C cathode had a higher hydrogen production rate of
0.0230 ± 0.0031 m3 H2 m-3 d-1. Even so, the hydrogen production rate of N-Fe/Fe3C@C
cathode (0.0181 ±0.0011 m3 H2 m-3 d-1) was about twice that of CNTs and CC cathodes.

Problems and perspectives of N-Fe/Fe3C@C
An extended MEC operation for more than 20 days resulted in a decrease in both the total
charges produced with the N-Fe/Fe3C@C cathode to 358.7 ± 7.7 C and the hydrogen
production rate (Table 5), indicating the catalyst has an issue with stability. It was
observed that yellowish-green particles appeared on the surface of the N-Fe/Fe3C@C
cathode. The analysis suggested that those particles contained only Fe(II), which was
likely a result of Fe(III) reduction during the MEC operation; however, this phenomenon
was not found with the MFC test, and the N-Fe/Fe3C@C cathode was stable after
operating for more than six months [65]. Fe(III) is a major functional component in the
N-Fe/Fe3C@C. During the MFC cathode operation, oxygen is a preferable electron
acceptor and has a higher reduction potential than Fe(III); thus, Fe(III) is not
electrochemically reduced. In the MEC cathode, Fe(III) could be reduced by accepting
electrons from the cathode electrode, although this was shown as a minor and slow effect.
The presence of Fe(II) in the MEC cathode was also due to the absence of oxygen that
could oxidize Fe(II) to Fe(III). Nevertheless, the N-Fe/Fe3C@C exhibited remarkable
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improvement in catalytic activities for hydrogen production compared with CC and
CNTs, although not as good as Pt/C.
A great advantage of the N-Fe/Fe3C@C is its low cost. We estimate that it costs less than
$2 for the raw-materials to prepare 1 g N-Fe/Fe3C@C, while 1 g of 10% Platinum on
Vulcan XC-72 costs about $46 (www.fuelcellstore.com), which is more than 20 times
that of N-Fe/Fe3C@C. Considering the procedure of the N-Fe/Fe3C@C preparation is
simple, and only electricity is consumed, the total cost could be very attractive compared
with the Pt/C catalysts. The cost of the cathode catalyst is critical to capital investment of
large-scale MEC applications, and the tradeoff between expense and performance must
be considered.

3.2.4. Conclusions
In this study we demonstrated that the N-Fe/Fe3C@C could catalyze the hydrogen
production in an MEC via modifying the cathode electrode. The rate and efficiency of
hydrogen production with the N-Fe/Fe3C@C cathode was slightly lower than that of the
Pt/C cathode, but much higher than those of CNTs and unmodified cathodes. Although
instability of the N-Fe/Fe3C@C was observed, its low cost will compensate for lower
performance compared with the Pt/C catalysts. Thus, this Fe-based core-shell catalyst
could be promising for hydrogen production in MECs.
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4 Integrated photo-bioelectrochemical systems
4.1

Integrated

photo-bioelectrochemical

system

for

contaminants removal and bioenergy production
(This section has been published as: Xiao, L., Young, E. B., Berges, J. A. and He, Z. (2012)
Integrated photo-bioelectrochemical system for contaminants removal and bioenergy production.
Evironmental Science & Technology. 46, 11459-11466.)

4.1.1 Introduction
Municipal wastewater treatment plants play a critical role in environmental protection,
but the operation of such plants consumes an extensive amount of energy [66]. An
ongoing challenge to sustainability is to improve the efficiency of wastewater
management to reduce energy demands and to increase energy recovery from waste. To
address this challenge, the key research tasks include: optimizing a more energy-efficient
process of removing dissolved organics from wastewater and reducing aeration, which
represents an important, electricity-demanding step in most municipal wastewater
treatment facilities; developing better processes for capturing the energy bonded within
the organic contaminants of wastewater to produce electric energy; and improving
nutrient (chiefly inorganic nitrogen and phosphorus) removal/recovery from wastewater
by using a process that consumes fewer resources (e.g., aeration required for nitrification
[67], and chemicals for denitrification and phosphorus precipitation). These key
challenges have been addressed in various ways, but primarily in distinct and separated
approaches (e.g., anaerobic digesters, and algal bioreactors in different locations). A
system that aims to integrate these approaches may increase efficiency, and save energy
and resources.
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To achieve such a system, we can synergistically link microbial fuel cells (MFCs) [12]
with algal bioreactors [68] for wastewater treatment and bioenergy production. MFCs
will remove organics and provide nutrients and carbon dioxide to grow algae in the
bioreactor, and algal bioreactors will remove nutrients and provide dissolved oxygen to
the MFC cathode reaction. MFCs can effectively remove various organic substrates [20],
but nutrient removal is generally limited under an anaerobic condition with a few
specially designed nutrient removal processes [69][70][71][72]. Algal treatment of
wastewater has a long history, especially in removing nutrients, and provides additional
services by using photosynthesis to fix carbon dioxide into organic compounds for fuel
biomass production [73]. Microalgae can assimilate significant amounts of nutrients
because of high N and P demand for synthesis of proteins (45-60% of microalgae dry
weight), nucleic acids, phospholipids, and other cellular constituents [74]. The algal
biomass produced from bioreactors also can be used for producing biofuels, including
biodiesel [75][76].
Linking MFCs to algal growth can be accomplished in several ways. First, algal biomass
can be used as a fuel in MFCs, but the efficiency of energy production is very low due to
the low transfer of chemical energy from algae to electrochemically active bacteria
[77][78]. Second, electrodes can be installed in algal bioreactors for electricity generation
[79]; however, mixing algae with electrochemically active bacteria will adversely affect
anode reactions because of dissolved oxygen produced by algae [80], and the presence of
organic compounds will stimulate the growth of heterotrophic bacteria that compete with
algae for nutrients. Third, MFCs and algal bioreactors can be installed separately and the
algal bioreactor can receive MFC effluent; in this way, the intrinsic problems with each
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process are not solved. For instance, in a membrane-based MFC, its cathode requires an
additional supply of water and oxygen, as well as pH buffering, and algal bioreactors
need pH buffering when CO2 is added.
To address these intrinsic problems, we have developed an integrated photobioelectrochemical (IPB) system. Instead of simply connecting the two processes in
series, the IPB system involves a unique integration of MFCs within an algal bioreactor,
leading to a potentially more efficient system that can achieve both waste treatment and
bioenergy production (Figure 26). In this system, wastewater is fed into the MFCs where
organic contaminants are oxidized; the remaining inorganic nutrients are then discharged
into the algal bioreactor for algal growth, which strips nutrients out of the water before
the treated effluent is released for final tertiary treatment (e.g., disinfection). Installing
MFCs inside an algal bioreactor would have algae producing oxygen used by the MFCs
for their cathode reactions, thereby reducing the need for aeration. If additional CO2 (e.g.,
waste gas from power plants) is added to the algal bioreactor for algal growth, the pH of
the algal growth medium could become acidic, thereby inhibiting algal growth; MFC
cathodic reactions can buffer the pH by adding alkalinity resulting from oxygen reduction.
Through this combination, the two treatment processes are cooperatively linked for the
same purpose of treating wastewater, with two different bioenergy products:
bioelectricity from the MFCs, and algal biomass for use in biofuels production.

73

Figure 26. Experimental setup (left) and schematic (right) of the IPB system.

In this study, we operated a bench-scale IPB system for more than 360 days with three
primary objectives: (1) to examine the long-term system performance of organic/nutrient
removal and energy production; (2) to understand the effects of illumination or aeration
on the IPB system; and (3) to understand the microbial composition of the biofilm
attached on the cathode electrode and planktonic cells in the cathode compartment (algal
bioreactor).

4.1.2 Materials and methods
IPB system setup
The IPB system consisted of a single-chamber tubular MFC installed in a glass beaker,
which functioned as both the cathode compartment and the algal bioreactor (Figure 26).
The MFC was constructed based on a cation exchange membrane tube (CEM, Ultrex
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CMI7000, Membranes International, Inc., Glen Rock, NJ) with a diameter of 4.5 cm and
a height of 20 cm, resulting in an anode liquid volume of ~ 300 mL. A 20 cm long carbon
brush (Gordon Brush Mfg. Co., Inc., Commerce, CA) was used as the anode electrode.
Before use, the carbon brush electrode was pretreated by immersing in acetone overnight
and heating at 450 ºC for 30 min. The cathode electrode was a layer of carbon cloth with
Pt/C as catalysts that wrapped the CEM tube. To coat the Pt catalyst to the cathode
electrode, Pt/C powder was mixed with Nafion solution and then applied to the carbon
cloth surface with a brush to a final loading rate of ~ 0.5 mg Pt/cm2. The anode and
cathode electrodes were connected by copper wires to an external circuit across a 100 Ω
resistance. The glass beaker that held the MFC had a diameter of 10 cm and height of 29
cm, with a liquid volume of 1700 mL. Three compact fluorescent bulbs (32 W, 120 V,
Energy Wiser, color temperature 4000 K, Bulbrute Industries, Inc., China) were installed
around the cathode to provide an average irradiance of 13 W m-2 on a 16-h on/8-h off
cycle, unless noted elsewhere.

Operating conditions
The IPB system was continuously operated with a synthetic solution at about 20 ºC. The
anode compartment was inoculated with the anaerobic sludge from a local municipal
wastewater treatment plant (South Shore, Milwaukee, WI, USA). The cathode
compartment was initially inoculated with the green algae Pseudokirchneriella
subcapitata (Korshikov) Hindak (CPCC 37) obtained from the Canadian Phycological
Culture Collection (www.phycol.ca) and previously maintained in axenic culture. The
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synthetic solution had 2.48 mS/cm conductivity and pH of 7.8, and contained (per L of
tap water): sodium acetate, 0.35 g; NH4Cl, 0.2 g; NaCl, 0.5 g; MgSO4, 0.015 g; CaCl2,
0.02 g; NaHCO3, 0.6 g; KH2PO4, 0.027 g and 1 mL/L trace elements [35]. This solution
was fed into the anode of the MFC at a flow rate of 0.4 mL/min (with an anolyte
recirculation rate of 30 mL/min), resulting in a hydraulic retention time (HRT) of 12.5
hours and an organic loading rate of 0.51 kg COD/m3/d in the anode compartment. The
effluent of the anode flowed into a 500 mL beaker where CO2 was bubbled by a gas
diffuser to provide inorganic carbon for algal growth and then pumped into the cathode of
the MFC at the same flow rate of the anode feeding. The catholyte was mixed by a
magnetic stirrer.

Measurement and analysis
The cell voltage was recorded every 5 min by a digital multimeter (2700, Keithley
Instruments, Inc., Cleveland, OH, USA). The concentrations of soluble COD, ammonium
nitrogen, nitrite nitrogen, nitrate nitrogen, and phosphate were measured according to the
manufacturer’s instructions using a DR/890 datalogging colorimeter (Hach Company,
Loveland, CO, USA). The pH, temperature, and dissolved oxygen (DO) were measured
using a 556 MPS hand-held multiparameter instrument (YSI Incorporated, Yellow Spring,
OH, USA). The concentration of algal mass was measured as absorbance at 680 nm in a
1100 spectrophotometer (Unico, Dayton, NJ, USA) and converted to biomass using the
standard curve shown in Figure 27.
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Figure 27. The standard curve of algal mass vs. absorbance.

Power density and current density was based on the anode liquid volume, according to a
previous study [33]. The efficiency of organic-to-electricity was expressed by coulombic
recovery (CR) and coulombic efficiency (CE), calculated as the follows:
∑ ( ) ( )
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Where Qoutput is the produced charge, Qinput is the total charge available in the added
organic compounds, Qinput-r is the total charge available in the removed organic
compounds, I is electric current and t is time. COD

total

is the total COD input to the

anode compartment in the period of time t, and calculated based on the initial COD
concentration multiplied by the initial anolyte volume. COD

removed

is the removed COD
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within time t. The removed COD was also expressed in percentage as a ratio of initial
COD input and final COD remained.
Energy consumption in the IPB system was mainly due to the recirculation of the anolyte
by pumps and mixing catholyte which also was estimated according to a recirculation
rate of 120 mL/min. Power requirement by the recirculation pump was estimated as [81]:

where P is power requirement (kW), Q is flow rate (m3/s), γ is 9800 N/m3, and E is the
hydraulic pressure head (m). For the IPB system, Q was 0.0018 m3/s (30 mL/min) for
anode recirculation and 0.0072 m3/s (120 mL/min) for cathode recirculation, and the
measured hydraulic pressure head loss was 0.055 m for the anode and 0.07 m for the
cathode; thus, the total power required for the anode recirculation pump was 0.9702 W
and the cathode recirculation pump was 4.9392 W.

Scanning electron microscopy (SEM)
Small pieces of the cathode electrode with biofilm were cut off and suspended cells in the
catholyte were collected through filtration using 0.2 µm filters. Those samples were fixed
with 2.5% glutaraldehyde for one night and 1% OsO4 for one hour, and then dehydrated
with a graded ethanol series: 10%, 25%, 50%, 75%, 95%, 100% and 100%. The samples
were critical-point dried via liquid CO2 in a Balzers CPD 020 critical point drying
apparatus (Balzers Union, Liechtenstein). After drying, the samples were coated with 5.0
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nm Iridium in the Emitech K575X Sputter Coater (Emitech, Polaron, Britain). The
morphology of microorganisms was observed by SEM (S-4800 Hitachi, Japan).

Cathode microbial analysis
Samples were collected at day 179 and 278. Algal-bacterial communities associated with
biofilm on the cathode electrode were scraped off using a sterile spatula and transferred
to microcentrifuge tubes. Communities in the cathode suspension were sampled by
collecting 5 - 20 mL from the liquid using a sterile syringe, and filtering this volume
through a 0.22 mm membrane filter (make/brand) and the filter folded and transferred to
a microcentrifuge tube. All samples were immediately frozen at -80oC until analysis.
Frozen samples were thawed on ice and DNA was extracted using the FastDNA® spin
kit for Soil (MP Biomedicals, Solon, OH), and purified using a Powerclean® DNA cleanup kit (MO BIO Laboratories Inc., Carlsbad, CA). DNA concentrations were measured
using NanoDrop® ND-1000 (Thermo Fisher Scientific Inc., Pittsburg, PA). DNA was
used for genetic analysis using 16S rRNA gene clone libraries. Extracted DNA was
amplified using universal bacterial 16S rRNA primers 8F and 1492R [82]. PCR products
was purified using QIAGEN PCR purification kit (Qiagen Inc., Valencia, CA) and cloned
into pCR2.1 vector using the TOPO® TA cloning kit (Invitrogen, Carlsbad, CA).
Plasmid DNA was isolated using a manual method adapted to a 96-well format [83].
Sequencing was carried out from the 8F and 1492R primers using the ABI Big Dye
Terminator Kit (Applied Biosystems, Foster City, CA) on an ABI Prism 3700xi (Applied
Biosystems, Foster City, CA), which generated approximately 800 bp reads. Sequences
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were trimmed for quality using PHRED [84]. After this quality control, DNA sequences
were examined using NCBI BLAST algorithm [85] and the Ribosomal Database Project
II Classifier [86] at a confidence level of 80%, to identify similar sequences and identify
bacterial sequences to taxonomic level of genus, where possible.

4.1.3 Results and discussion
Performance of the IPB system
The IPB system was operated for more than 360 days and its electricity production was
affected by illumination and organic input. To exhibit more details, electricity production,
DO, pH and temperature for a period of 4 d are shown in Figure 28. The electricity
produced by the MFC exhibited a day-night profile, affected by illumination (16-h light :
8-h dark) (Fig. 2A). The peak power density reached 2.2±0.2 W/m3 under illumination.
Because no aeration was provided in this period, the cathode reaction relied on the
dissolved oxygen (DO) produced by algae in the cathode compartment. Similar to current
generation, the DO concentration varied on a day-night basis, and under illumination DO
concentration reached 20 mg/L (Fig. 28B), more than twice the saturated DO in DI water
at the same temperature, which has been observed in other algal bioreactors [87]. When
the light was turned off, the DO gradually dropped to below 1 mg/L, resulting in a power
density of 0.1±0.0 W/m3 in the dark. Although oxygen in the air could be dissolved in the
catholyte and contributed to electricity generation, this contribution was much smaller
compared with the algae-produced oxygen, as demonstrated by the low electricity
generation in the dark, even with active aeration (Figure 30). Therefore, it is reasonable
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to conclude that algae can provide a substantial amount of oxygen to the cathode reaction
under illumination.

Figure 28. The performance and operating parameters of the IPB system: power density,
dissolved oxygen, pH and temperature. The white indicates the illuminated period and the
shadow indicates the dark period.

The pH of the catholyte (algal growth medium) varied between 7.3 and 8.2 (Figure 28C),
a result of the combined effect of the cathode oxygen reduction and CO2 buffering: the
MFC cathode reaction could elevate the pH of the catholyte to above 11 [88] and the
anode effluent saturated with CO2 had a low pH of ~ 4; when the low pH anode effluent
entered the cathode compartment, the oxygen reduction increased the pH to levels
appropriate for algal growth (7~9 [89]). On the other hand, the low pH of the anode
effluent also benefited the cathode reaction by providing more protons. The addition of
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CO2 not only provides carbon source for algal growth, but also buffers the catholyte and
thus eliminates the use of an expensive buffer solution that is not practical for large scale
application [90][91]. A potential source of CO2 is combustion of digester biogas, or flue
gas if the MFC system can be installed adjacent to power plants. In addition, biological
processes such as nitrification could also provide protons and thus lower the pH of the
catholyte. The illumination also changed the temperature of the catholyte with an
increase from ~ 22 to ~ 26 ºC from dark to under illumination (Figure 28D). Such an
increase in temperature could benefit the anode microbes when heat is transferred into the
anode compartment through the CEM and electrolyte.
The IPB system effectively reduced the concentrations of both organics and nutrients.
The anode removed 92.4% of SCOD and decreased its concentration from 266.7 to 22.0
±13.7 mg/L, which was further reduced to 20.2 ± 2.9 mg/L by the cathode (Table 6). The
average CE was 7.7%, and the average CR was 7.2%. Almost all of ammonium (98.6%)
was removed through either algal uptake or nitrification. It is interesting to note that the
anode effluent contained less than half of the initial ammonium concentration; because
anaerobic ammonium oxidation has not been well demonstrated in the anode of an MFC
[80], we believe that the ammonium loss was due to ammonium transport into the
cathode compartment through the cation exchange membrane[72]. Nitrification was
expected to occur in the cathode because of the presence of both dissolved oxygen and
bacteria. Denitrification, on the other hand, would be very limited because of the DO.
The growth of some algae is faster with ammonium than with nitrate, and the presence of
ammonium higher than 1 µM could inhibit nitrate uptake [92][93], resulting in the
observed nitrate accumulation to 19.3±1.8 mg/L. The removal of total nitrogen by the
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IPB system was about 63%. The concentration of phosphate was decreased by 82.3% in
the IPB system, including a 27% reduction in the anode compartment likely due to the
bacterial uptake, and a 55% reduction in the cathode compartment because of the algal
uptake. The final phosphate concentration was 1.1 ± 0.2 mg/L; future studies will include
a more detailed analysis of total phosphorus fractions, including organic phosphorus that
can be released under an anaerobic condition. The IPB system produced an algal biomass
of 128 ± 36 mg/L (or 43.37 mg/L/day based on the liquid volume of the algal bioreactor),
which was comparable with other algal bioreactors fed on wastewater [73].
Table 6. Characteristics of the synthetic solution when flowing through the IPB system.
The error term is standard deviation.
SCOD
(mg/L)

NH4+-N
(mg/L)

NO3--N
(mg/L)

NO2--N
(mg/L)

PO43--P
(mg/L)

Biomass
(mg/L)

Anode
Influent

266.7

52.3

N/D

N/D

6.2

N/A

Anode
Effluent

22.0 ±13.7

20.3 ±0.5

N/D

N/D

4.5 ±0.2

N/A

Cathode
Effluent

20.2 ±2.9

0.7 ±0.8

19.3 ±1.8

N/D

1.1 ±0.2

128 ±36

N/D: not detected;
N/A: not available.

Effects of illumination on the IPB system
To understand the influence of illumination on the IPB system, we created two scenarios:
keeping constant illumination, or increasing the frequency of light/dark cycles. When the
illumination was extended to 24 h/day, the power density gradually decreased with time
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(Figure 29A); within 2 days, the accumulated electricity production improved, compared
with the on/off illumination, but for a period of 7 days, the total electricity production
was not much higher (Table 7), because of the low power output after 2 days. Likewise,
the DO concentration also decreased. The similar trend between electricity and DO
confirmed that photosynthetic O2 production determined the power density in the IPB
system. Research found that some algae require a dark period for division, which could
be inhibited by high light intensity and continuous illumination [94]. The continuous
illumination also promoted nitrification in the catholyte. The highest concentration of
nitrate in the effluent during this period was 32.2 mg NO3--N /L, which was about 1.7
times that of the 19.3 mg NO3--N /L shown in Table 6. It was previously reported that the
presence of algae inhibited the growth of nitrifying bacteria because of faster algal
growth rate and toxicity to nitrifiers [95]; our results confirmed that decreased
photosynthesis (and algal growth) could benefit nitrifying bacteria, as shown by a higher
nitrate concentration under constant illumination.
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Figure 29. Power density (black solid line) and the DO (red dashed line) during the
continuous illumination (A) and the increased light/dark cycle (B).

Table 7. Energy production and consumption in the IPB system under different
illumination and aeration operating conditions.

Pump2

16-h on/8-h
off
(kWh/m3)
-0.011

24 h/d on
(kWh/m3)
-0.011

1-h on/0.5-h
off
(kWh/m3)
-0.011

Night
Aeration1
(kWh/m3)
-0.011

Mixing3
-0.057
-0.057
-0.057
-0.057
Aeration
N/A
N/A
N/A
-0.004
Electricity
0.012
0.013
0.01
0.021
Output
4
Biomass
0.081
0.057
0.073
0.085
Total
0.025
0.002
0.015
0.034
Net
5
Electricity
-0.056
-0.055
-0.058
-0.051
1
Aeration rate of 30 cc/min and 16-h on/8-h off illumination
2
Estimated according to hydraulic head loss and theoretic equation (in supporting
information)
3
Estimated according to energy consumption by a recirculation rate of 120 mL/min
4
Energy consumption during treating algal biomass is not included
5
Excluding the energy production from biomass
Input

85

When the frequency of the light/dark cycles was increased to 1-h light/0.5-h dark, the
electricity production maintained between 0.5 and 1 W/m3 (Figure 29B). The average DO
concentration stayed around 20 mg/L (Figure 29B), much higher than under continuous
illumination (Figure 29A), suggesting that the dark condition was beneficial to net algal
oxygen production [96]. The concentration of nitrate decreased to 17.6 mg/L at the end of
the increased light/dark cycle period, suggesting that the improved algal activities slowed
down nitrification, compared with continuous illumination.

Aeration in the dark
We investigated the effects of intermittent aeration (in the dark) on the production of
electricity and algal biomass, using three aeration rates, 30, 50 and 100 mL/min (Figure
30). As expected, the aeration increased the DO at night, as well as the power production.
At 30 mL/min aeration, the electric power was improved by about 40% compared with
no aeration (Table 7). The highest DO in the dark with 100 mL/min aeration was about 8
mg/L (Figure 30A), much lower than during algal photosynthesis under illumination,
indicating that algal production of DO would be more promising than mechanical
aeration. Aeration also encouraged algal growth and improved biomass production by ~ 5%
(Table 7). However, aeration consumed additional electric energy, so an analysis of
energy balance with this approach in the IPB system would be needed.
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Figure 30. Power density (black solid line) and the DO (red dashed line) during the
aeration in the dark at three aeration rates: (A) 100 mL/min, (B) 50 mL/min and (C) 30
mL/min. The shadow indicates the dark period.

Energy balance
Table 7 summarizes energy production and consumption in the IPB system under four
different conditions. It must be noted that this is a preliminary analysis and a precise
energy analysis is very difficult for a bench-scale system. Energy production consists of
two parts, electric energy and biomass energy. Electric energy was calculated according
to the power production of the MFC while energy trapped in algal biomass was estimated
based on the assumption that biomass contains 20% oil that is converted to biodiesel
(Ebiodiesel is ~37800 MJ/ton) [75][97] and a conversion efficiency of 30% from diesel to
electricity. Energy consumption was mainly due to the pumping system (recirculation and
feeding) and was estimated according to a previous publication [81] (more details in the
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Supporting Information). The energy consumption of mixing was estimated according to
a catholyte recirculation rate of 120 mL/min, which was experimentally found to
maintain a similar system performance to that with the mechanic mixing. Energy
consumption of the intermittent aeration was estimated according to an aeration
efficiency of 1.2 kg O2/kWh [98].
In general, the IPB system could theoretically produce more energy than it consumed,
and the intermittent aeration was beneficial with a larger net energy balance through
improving both the electricity generation and the algal growth. The electricity produced
in the MFC accounted for 14-29% of the energy consumption, depending on the
operating condition. The algal biomass provided much more energy than the MFC.
Considering that energy consumption during the conversion of algal biomass to biodiesel
was not included in Table 7, the actual energy from algal biomass would be less. If the
energy production in the MFC can be improved by 5-10 times to 0.06-0.12 kWh/m3,
which may be possible through optimizing configuration and operation, the IPB system
will achieve energy neutrality based on the electricity generation alone, with additional
economic benefits obtained from the algal biomass. To evaluate the energy benefits of the
IPB system, we also need to consider the energy saving. It has been reported that
anaerobic treatment of low-strength wastewater consumes much less energy (e.g., 0.058
kWh/m3 in an anaerobic membrane bioreactor [81]) than activated sludge treatment (~
0.6 kWh/m3 [99]). Therefore, the energy saved by omitting the aeration provides
additional significance for the application of an IPB system.
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Analysis of cathode microbial communities
Because the anode microbial communities have been well documented [100], in this
study we focused on the cathode microbes, which are important to comprehend the
interaction and the competition between algae and bacteria. A large number of sequences
(up to 50% from each sample) were identified as ‘chloroplast’, derived from organellar
DNA extracted from the Chlorophyte algae present in the MFC cathode
(Chlamydomonas reinhardtii and Pseudokirchneriella subcapitata), evident in the SEM
images (Figure 31). The presence of Chlamydomonas reinhardtii could be from the
anode inocula. These were not included in the analysis of bacteria.

Figure 31. SEM pictures of suspended cells (A and B) collected on filter membrane and
biofilm on the cathode electrode (C and D). Note presence of both bacteria and algal cells
(spherical Chlamydomonas reinhardtii and crescent-shaped Pseudokirchneriella
subcapitata).
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Of the bacteria present in the biofilm on the cathode electrode, and in the catholyte
suspension, there were diverse bacterial taxa representing groups typical of aquatic and
soil bacterial communities, shown as pooled taxa from each of three replicates in Figure
32. The dominant classes were the alpha-, beta- and gamma-Proteobacteria along with
Acidobacteria_Gp3, which together represented between 68 and 90% of bacterial
sequences identified in replicate samples.

The family Xanthomonadaceae was the

dominant family in all samples, with 49 and 26% of total taxa in pooled samples from
membrane and suspension communities, respectively, and a mean of triplicate samples
from electrodes of 46.0± 20.2% and 30.7 ± 5.5% in suspension. This was especially due
to sequences identified as Aquimonas, which was the most abundant genus in both the
electrode (37.5 ± 23.9%) and the suspension communities (28.1 ± 6.6%). Additional
BLAST searches using individual sequences did not clarify which species of this genus
were present. Aquimonas is a common aquatic bacterial genus, with a capacity for nitrate
reduction [101], which may be important in inorganic N cycling within the algal-bacterial
cathode communities. Also within the Xanthomonadaceae, Pseudofulvimonas was also
present in both communities (6.7 ± 3.3 in electrode samples, 2.6 ± 0.6 in suspended
samples).

The next most abundant family in the catholyte suspension was the

Rhodobacteraceae, representing 24.4 ± 17.0% of the sequences in the suspended samples
but only 1.1 ± 1.9% in the cathode electrode samples. The most common
Rhodobacteraceae genus was Rhodobacter, which was abundant (17.1 ± 12.5%) in the
catholyte suspension but rare in the cathode electrode community (<1% of total
sequences). Additional BLAST searches suggested possibly R. changlensis, a non-motile
purple non-sulfur bacterium which, like other Rhodobacter species, can be photosynthetic
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[102]. Another Rhodobacteraceae genus, Pannonibacter, was also well represented (3.8 ±
3.3 %) in suspension but was absent from the cathode electrode. The Acidobacteria_gp3
unclassified family was the second most abundant in the electrode community
comprising 13.5 ± 9.5% of the sequences but only 4.6 ± 2.3% of the sequences identified
in the catholyte suspension samples. Comamonadaceae was the third most abundant
bacterial family in the catholyte suspension communities (12.3 ± 6.9% of total) and the
fourth most common in the communities on the electrode (5.1 ± 1.9 %). This family was
dominated by the genus Hydrogenophaga, found in both the suspension and the cathode
electrode, and known to be a common aquatic and soil bacterium capable of H-oxidation
[103]. The common soil bacterial genus Brevundimonas (Caulobacteraceae) was
identified in both the electrode (4.6 ± 3.9%) and the suspension (3.5 ± 1.6) samples.
Brevundimonas species have been demonstrated to perform enhanced biological
phosphorus removal from wastewater [104] and provide biomass for removal of heavy
metals from wastewater [105].
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Figure 32. Distribution of bacterial classes between electrode and suspension
communities. Taxa were identified from analysis of partial rRNA gene sequences from
clone libraries of generated from DNA extracted from samples collected from each
community. Results shown are total sequences for 3 replicate libraries from each
community.

An amino-acid utilizing anaerobic bacterium, Anaeromusa, and other anaerobes of the
class Clostridia (genus Proteiniclasticum) were found in suspension samples, but not in
the electrode community. This was despite obviously aerobic conditions present due to
algal photosynthesis. However, daily excursions into low oxygen conditions (Figure 26)
during the dark phase may have promoted the survival of this bacterium.
Aside from the abundant Aquimonas, which could have been involved in the reduction of
nitrate to nitrite, other key taxa known to be involved in the nitrogen transformations
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were identified. Nitrosomonas (1.4% of sequences in the electrode samples) can oxidize
ammonium to nitrite; N. europaea is known to degrade a variety of organic compounds
pollutants [106]. Nitrospira, also 1.4% of sequences in the electrode samples, could have
been oxidizing nitrite to nitrate. Sequences identified as Mesorhizobium, a gram-negative
soil bacterium, were found in the suspension samples and could indicate the presence of a
diazotrophic species; however, high fixed nitrogen concentrations were maintained in the
catholyte (e.g., up to 20-30 mg NO3--N /L), so fixation of N2 in the cathode would have
been unlikely.
Despite the reported abundance of Firmicutes and Bacteroidetes in the sewerage water
from South Shore treatment plant [107], which was the source of sludge as inoculum for
the anode, these phyla were not well represented in the cathode electrode and the
suspension communities. Firmicutes were absent from the electrode samples and were
only 9.4% of the sequences identified in the suspension communities (comprising Classes
Clostridia 5.1% and Bacilli 4.3% of the total suspension sample sequences). This result
compares with 76% of the suspension sequences as phylum Proteobacteria.
Bacteriodetes were represented as 6.9% of the sequences in the electrode communities
but only 2 sequences in one sample of the suspension community (1.7% of total). Of the
Bacteriodetes, Chitinophagaceae and Sphingomondaceae were the identified families;
Sphingomonodaceae was absent from the suspension samples. The low relative
abundance of Firmicutes and Bacteriodetes, which are commonly found in MFC anodes
[108][109][110], likely resulted from the aerobic condition and the low organic contents
in the cathode.
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The combined algal and bacterial metabolic activities in the IPB system provide
conditions that promote shifts in abundance of the different bacterial taxa. Our future
studies will better understand the (cathode) bacterial functions in correlation with the IPB
performance (e.g., nutrient removal and algal growth).

4.2 Integrated photo-bioelectrochemical system affected by
algal sources
4.2.1 Introduction
Freshwater, essential substrate to all life on earth, is critical to human health and the
prosperity of society. However, pollutants and waste due to industrial development and
overpopulation are becoming serious threats to global freshwater resources and aquatic
ecosystems. Consequently, a number of wastewater treatment technologies have been
developed in the past several decades, but most require a considerable energy input.
However the wastewater contains organic matter and some nutrients, so it is also a
potential energy source [99]. The aim of sustainable wastewater treatment is to not only
clean up the polluted water, but also recover energy from contaminants, thereby
offsetting energy consumption.
Recently, microbial fuel cells (MFCs) have drawn much attention as a novel technology
for extracting useful energy from wastewater. MFCs are bio-electrochemical reactors in
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which bacteria oxidize organic compounds in the anode chamber and generate protons
and electrons that are transported to the cathode to reduce oxygen to water [111].
Electron flow from the anode to the cathode generates an electric current or power if a
load is connected [112]. The power output in lab-scale MFCs has improved significantly
from several W m-3 to more than 1 kW m-3 [91]. It has been observed that electricitygenerating processes in MFCs can stimulate the oxidation of organic matter and achieve
higher organic removal [33]. Nutrient removal by MFCs focuses on removing nitrate to
N2 gas through a denitrifying cathode, therefore, ammonium present in fuel must be
oxidized to nitrate either in a separate nitrification reactor or in the cathode with a strictly
controlled aeration [113][67]. Transformations of phosphorus, on the other hand, have
not been investigated in MFCs.
Fortunately, current studies on algae provide a complementary tool to MFCs in removing
nutrients from wastewater. Algal treatment of wastewater has a long history, especially in
removing nutrients, and both open-flow systems and closed bioreactors have been used
[68]. Algal bioreactors are typically based on algae using photosynthesis to fix carbon
dioxide into organic compounds to fuel biomass growth. During algal growth,
concentrations of dissolved nutrients, nitrogen (N) and phosphorus (P), are drawn down
by algal uptake. Microalgae can assimilate significant amounts of nutrients because of
high N and P demand for synthesis of proteins (45-60% of microalgae dry weight),
nucleic acids, phospholipids, and other cellular constituents [74]. The algal biomass
produced from bioreactors can also be used for producing biofuels, including biodiesel
[114][76].
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In 2008, Strik and coworkers combined an algal bioreactor with an MFC and called it a
photosynthetic algal microbial fuel cell (PAMFC) [77]. In their system, algae only grew
in the bioreactor and were fed as the substrate to the anode of MFCs. Two years later,
Wang and coworkers set up a microbial carbon capture cell (MCC), in which Chlorella
vulgaris was used to capture CO2 and produce O2 for the cathode of MFCs [115]. This
indicated that algae can grow in the cathode of MFCs and provide oxygen for the
cathodic reaction. Based on this idea, Zhang and coworkers used algae in the cathode of a
sediment MFC without a membrane, and algae directly used the CO2 produced by the
anode [116]. In their photomicrobial fuel cell (PFC), algae was not only used to capture
CO2 and produce O2, but also to remove the nutrients from the wastewater [116].
Our previous work developed an integrated photo-bioelectrochemical (IPB) system to
synergistically link an MFC with an algal bioreactor for wastewater treatment and
bioenergy production [117]. During the one-year operation, the IPB system removed
more than 92% of organics, 98% of ammonium nitrogen and 82% of phosphate in
synthetic wastewater solution, and produced a maximum power density of 2.2 W m-3 and
128 mg L-1 of algal biomass. However, the system also produced 19.3 mg L-1 nitrate
nitrogen, which was unexpected and the electricity energy was still very low. Moreover,
although the algal and bacterial composition of the biofilm attached on the cathode
electrode and planktonic cells in the cathode compartment was analyzed, The interactions
algae and bacteria and their effects on the performance of IPB system were still unclear.
So in this study, small-diameter tubular MFC with an anion exchange membrane was set
up in the IPB system to improve the electricity generation and three different algal
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sources were tested in the IPB system in order to better understand the interactions of
algae and bacteria in the IPB system.

4.2.2 Materials and methods
IPB system setup
The IPB system consisted of a single-chamber tubular MFC installed in a glass beaker,
which functioned as both the cathode compartment and the algal bioreactor as described
previously [117]. The MFC was constructed with an anion exchange membrane tube
(AEM, Ultrex CMI7000, Membranes International, Inc., Glen Rock, NJ) containing an
interior supporter of a polyvinyl chloride (PVC) tube with a diameter of 2.54 cm and a
height of 24 cm, resulting in an anode liquid volume of about 180 mL. A 20 cm-long
carbon brush (Gordon Brush Mfg. Co., Inc., Commerce, CA) was used as the anode
electrode. The carbon brush electrode was pretreated by immersing in acetone overnight
and heated to 450 ºC for 30 min. The cathode electrode was a layer of carbon cloth with
Pt/C as the catalyst that wrapped the AEM tube. To coat the Pt catalyst to the cathode
electrode, Pt/C powder was mixed with Nafion solution, and then applied to the carbon
cloth surface with a brush to a final loading rate of ~ 0.5 mg Pt cm-2. The anode and
cathode electrodes were connected by copper wires to an external circuit across a 100 Ω
resistance. The glass beaker that held the MFC had a diameter of 10 cm and height of 29
cm, with a liquid volume of 1800 mL. A compact fluorescent bulb (32 W, 120 V, Energy
Wiser, color temperature 4000 K, Bulbrute Industries, Inc., China) was installed nearby
the cathode to provide the light on a 16-h on/8-h off cycle.

97

Operating conditions
The IPB system was continuously operated with a synthetic solution at about 20 ºC. The
anode compartment was inoculated with the anaerobic sludge from a local municipal
wastewater treatment plant (South Shore, Milwaukee, WI, USA). The cathode
compartment was initially inoculated with algal and bacteria mixed solutions from
different sources: Sherwood #2 for stage I, Francisville #3 for stage II and WWExp for
stage III. The synthetic solution contained (per L of tap water): sodium acetate, 0.35 g;
NH4Cl, 0.2 g; NaCl, 0.5 g; MgSO4, 0.015 g; CaCl2, 0.02 g; NaHCO3, 2.6 g; KH2PO4,
0.027 g and 1 mL L-1 trace elements [35]. This solution was fed into the anode of the
MFC at a flow rate of 0.4 mL min-1 (with an anolyte recirculation rate of 30 mL min-1),
resulting in a hydraulic retention time (HRT) of 7.5 hours and an organic loading rate of
0.87 kg COD/m3/d in the anode compartment. The effluent of the anode flowed into a
200 mL beaker and then directly pumped into the cathode of the MFC at the same flow
rate of the anode feeding. The catholyte was mixed by a magnetic stirrer.

Measurement and analysis
The cell voltage was recorded every 5 min by a digital multimeter (2700, Keithley
Instruments, Inc., Cleveland, OH, USA). The concentrations of soluble COD, ammonium
nitrogen, nitrite nitrogen, nitrate nitrogen, and phosphate were measured according to the
manufacturer’s instructions using a DR/890 datalogging colorimeter (Hach Company,
Loveland, CO, USA). The pH, temperature, and dissolved oxygen (DO) were measured
using a 556 MPS hand-held multiparameter instrument (YSI Incorporated, Yellow Spring,
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OH, USA). The concentration of algal mass was measured as absorbance at 680 nm in an
1100 spectrophotometer (Unico, Dayton, NJ, USA) and converted to biomass as our
previous study [117]. According to our previous study [117], power density and current
density was based on the anode liquid volume, and the normalized energy recovery (NER)
was based on the volume of treated water.

4.2.3 Results and discussion
Performance of IPB system with Sherwood #2 algal source
Compared to our previous study, the IPB system produced much higher power density
(8.44± 0.20 W m-3 under the light showed in Figure 33A), which was about four times as
much as that in our previous study [117]. And the NER of the electricity (0.055±0.001
kWh m-3) was also much higher than the previous study (0.012 kWh m-3). This means the
new configuration of the MFC reactor successfully improved the electricity performance
of the IPB system. The small diameter shortens the distance between the anode electrode
and cathode electrode, which can significantly improve the performance of the MFC [24].
It is worth noting that the power density without the light was still very high, about 5 W
m-3, which was more than half of the power density under the light. Compared to the
previous IPB system [117], a little taller tubular MFC, which has larger cathode area
above the water level, can help absorb more oxygen to participate in the cathode reaction
without additional oxygen supply.
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Figure 33. The performance and operating parameters of the IPB system in stage I.

The dissolved oxygen (DO) was above 20 mg L-1 under the light, which was similar to
the previous study [117]. However, we found that the DO was not exhausted during the
dark time and the lowest DO concentration was about 5 mg L-1 (Figure 33B). This means
that the sum of the amount of DO left in the cathode part when the light was shut down
and the amount of the absorbed oxygen from the environment during the dark was larger
than the total DO demand for the respiration of algae and the cathode reaction of the
MFC, which may be because the low biomass concentration (53.3±8.9 mg L-1) in the
cathode part reduced the DO consumption and the cathode electrode above the water
level increased the oxygen absorption. The pH showed very little difference between the
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condition under the light and that under the dark (Figure 33C), due to the small difference
of cathode reaction rates (shown as the magnitude of the power density) under these two
conditions. The temperature fluctuated slightly because of not very constant room
temperature and some additional heat provided by the light (Figure 33D).
The IPB system can efficiently remove the organics and nutrients which have been
proved in the previous study [117]. Table 8 showed that about 91.0% of COD was
removed by the anode part of the MFC, while some COD was produced in or transferred
from the anode to the cathode part. There was not any ammonia in the cathode effluent,
which meant that 100% of ammonia nitrogen was removed by the IPB system. There was
0.2 mg L-1 nitrate nitrogen detected in the anode effluent and 12.9 mg L-1 nitrate nitrogen
in the cathode part, which showed that some nitrate produced in the cathode part was
transferred to the anode part through the AEM. And the denitrified bacteria in the anode
chamber can take up the nitrate under the anaerobic condition, so the nitrate
concentration in the anode effluent was very low. Compared to the MFC with CEM used
in the previous study, AEM significant decreased the nitrate concentration in the final
effluent. However, very little phosphate was removed by this IPB and the concentration
of PO43--P in the final effluent was still very high (4.4 mg L-1).
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Table 8. Characteristics of the synthetic solution when flowing through the IPB system;
the error term is standard deviation.
COD

NH4+-N

NO3--N

PO43--P

Biomass

(mg L-1)

(mg L-1)

(mg L-1)

(mg L-1)

(mg L-1)

Anode influent

266.7

52.3

N/D

6.2

N/A

Stage Anode effluent

24.0±8.1

44.3±2.0

0.2±0.2

5.5±0.5

N/A

I

32.5±8.5

N/D

12.9±0.6

4.4±0.4

53.3±8.9

Stage Anode effluent

22.7±4.0

42.3±1.2

0.1±0.1

5.8±0.9

N/A

II

39.0±7.7

N/D

5.9±1.8

3.5±0.9

5.9±1.2

Cathode effluent

Cathode effluent

Performance of IPB system with Francisville #3 algal source
The power density produced by the IPB system in stage II was 8.70±0.17 W m-3 under
the light condition and the NER was 0.061±0.001 kWh m-3, a little higher than that in
stage I (Figure 34A). This means that the electricity generation of the IPB system was
still limited by the cathode compartment and Francisville #3 algal source could help the
MFC produce more electricity compared to Sherwood #2 algal source. A significant
difference between Francisville #3 and Sherwood #2 algal sources was that there was
very little suspended biomass in the cathode compartment (5.9±1.2 mg L-1) for
Francisville #3. It proved that the algae attached on the cathode electrode made the main
contribution to the electricity generation in the IPB system, while the suspended algae in
the cathode solution played a minor role.
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Figure 34. The performance and operating parameters of the IPB system in stage II.

The DO concentration in stage II was a little lower than that in stage I (Figure 34B),
probably because of the lower concentration of suspended algae and a little higher
cathode reaction rate. Because the power density was higher under the light in stage II
than that in stage I and the cathode reaction consumed protons, the pH (around 9.7) of the
cathode solution was also a little higher than that in stage I. Note that, compared to stage
I in August, the temperature in stage II was lower simply because the room temperature
was lower in stage II at the end of September.
Similar to stage I, most of organics (91.5%) was removed by the MFC and the COD
concentration in the cathode effluent was a little higher than that in the anode effluent
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(Table 8). 100% NH4+-N was removed by the system, while only 43.5% of PO43--P was
removed. Therefore, the algae from Francisville #3 were not good at taking up the
phosphate either. In the final effluent, the nitrate nitrogen concentration was only 5.9 mg
L-1 (Table 8), much lower than that in stage I and the previous study.

4.2.4 Future Work
Algae from WWExp will be tested in the IPB system during the stage III experiment. The
community analysis will be performed on the algae and bacteria in the cathode
compartment. The morphology of microorganisms will be observed by scanning electron
microscopy (SEM).
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5 Perspective
During my Ph.D. study, a lot of effort was made to improve the energy performance of
bioelectrochemical systems (BES), and a new system was developed to integrate the algal
technology and MFCs, which was called integrated photo-bioelectrochemical (IPB)
system. However, it still has a long way to go to realize the application of the IPB system
at large scales.
Firstly, the electricity generated from the system is still low. Although the power density
higher than 1 kW m-3 has been achieved with a very small-scale MFC (2.5 mL) by Liu
and coworkers [91], the electrical energy generated from it was very low. And it is
known that the large-scale MFCs generally have low power output [34]. The maximum
power density of the IPB system in section 4.1 was about 3 W m-3 and the maximum
NERV was 0.021 kWh m-3, which was still far from the application. The energy balance
showed that the electricity generation could not even cover the energy needed for the
operation of the IPB system. So more research is needed for improving the electricity
generation from IPB systems. New reactors and experiments need to be designed to
produce more electricity. For example, the use of spiral spacers to create a helical flow
which can improve electricity generation in MFCs was approved in the work of Zhang et
al. [34]. The electrode material is also an area to study where significant improvements
can be achieved.
Secondly, for applications, large-scale IPB system needs to be set up and real wastewater
needs to be tested in the IPB system. The wastewater flow rate of the IPB system showed
in section 4 is only 0.4 mL min-1, which is far below actual wastewater flow in
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wastewater treatment plants. The size of current system does not have enough capacity
for high wastewater flow rate, so developing large-scale reactor is the only way for the
application of IPB systems. However, there are some challenges during the scaling up,
such as how well the materials perform at large scale and their longevity. Only artificial
wastewater was tested in our studies on IPB systems, which is much simpler than real
wastewater. The real wastewater contains various types of wastes and communities,
which may affect the performance of IPB systems.
Thirdly, in IPB systems, algal activities determine the removal of nutrients, biomass
production and DO supply to the cathode reaction of the MFC. However, algae inevitably
contact with large amount of bacteria coming from anode effluent and surrounding
environment, so characterizing how algae and bacteria interact is essential for optimizing
the IPB system. And an efficient separation method also needs to be developed to harvest
the biomass from the IPB system. From the results in section 4.1, we noticed that the
main energy obtained from the IPB system was the biomass, which was 80-88% of total
energy output. However, the energy balance shown in section 4.1 did not include the
energy consumption during the separation of the biomass from the water. This process
has several high energy-demanding solutions such as centrifuging. So developing a lowcost and low-energy-consumption separation technology is a big challenge for the
application of IPB systems.
Lastly, the materials used in the IPB system are still expensive. Platinum, as an expensive
metal, is used as the catalyst on the cathode electrode of the IPB system. Nafion, the price
of which is about 2 to 3 dollars per milliliter, is used as the binder. Compared to other
carbon electrodes, such as carbon cloth, carbon brush is also relatively expensive. So
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cheap but efficient catalysts for oxygen reduction need to be tested in the IPB system.
Other cheap binders, such as polytetrafluoroethylene (PTFE), can be used to replace
Nafion. We also need to consider the energy cost of operation. In our study of IPB system
in section 4.1, the main energy cost came from mixing. Seeking a low energy cost mixing
method is also a big challenge.
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